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ABSTRACT This work considers an inverse problem for a heat conduction equation that includes fractional
loaded terms and coefficients varying with spatial coordinates. By reformulating the original equation into
a system of equivalent loaded integro-differential equations, we establish sufficient conditions ensuring the
existence and uniqueness of the solution. The study focuses on determining the multidimensional kernel
associated with the fractional heat conduction operator. The approach is based on the contraction mapping
principle and the use of Riemann-Liouville fractional integrals, providing a mathematical framework applicable
to diffusion processes with spatial heterogeneity and memory effects.

KEYWORDS heat conduction, inverse problem, fractional calculus, kernel identification, fixed-point method.

FOR cITATION Baltaeva U., Praveen Agarwal, Khasanov B., Hayitbayev H., Hubert F. Inverse analysis of a
loaded heat conduction equation. Nanosystems: Phys. Chem. Math., 2025, 16 (6), 727—736.

1. Introduction

Heat conduction refers to the transfer of internal energy, in the form of heat, between adjacent molecules within solids,
liquids, or gases, as well as across the interfaces of materials in contact, without requiring bulk motion of the medium
itself [1,2]. The study of heat transfer processes has a long and rich history, spanning more than two centuries, and
continues to play a vital role in both theoretical and applied research. In particular, understanding the mechanisms of heat
dissipation and temperature regulation in modern high-speed and micro-structured systems remains a crucial challenge
for engineering and materials science.

The classical heat conduction equation serves as a universal model in many branches of physics and applied math-
ematics. It arises naturally in the study of diffusion phenomena, such as the spreading of mass, charge, or vorticity in
viscous fluids. From a mathematical perspective, the one-dimensional heat equation is one of the most extensively stud-
ied partial differential equations, while the extension to multidimensional and fractional-order formulations continues to
attract significant attention due to its broad range of applications in complex physical systems.

In recent decades, the study of fractional differential equations - where the fractional derivative acts on the unknown
function - has become increasingly important [3—8]. These equations provide a powerful framework for describing non-
local and memory-dependent processes that cannot be adequately represented by classical integer-order models. Such
features are particularly relevant in nanoscale systems, where energy transfer is strongly influenced by microstructural
heterogeneity, phonon scattering, and boundary effects. At these scales, the conventional Fourier law of heat conduction
is often insufficient, which motivates the use of fractional and integro-differential models.

In nanosystems, such as thin films, nanowires, and layered composites, thermal conductivity often varies spatially due
to surface effects and structural anisotropy. To capture these phenomena, mathematical models with variable coefficients
are required. Moreover, the presence of loaded or feedback terms in the governing equations can describe systems with
internal heat sources, delayed responses, or coupling between local and nonlocal energy transfer mechanisms.

The present study focuses on an inverse problem for a loaded heat conduction equation with spatially variable co-
efficients and fractional integral operators. By reformulating the model into an equivalent system of loaded integro-
differential equations, we establish conditions for the existence and uniqueness of the solution. The results obtained
contribute to the development of mathematical methods for analyzing nanoscale heat transport processes characterized by
nonlocality, memory, and structural heterogeneity.

© Baltaeva U., Praveen Agarwal, Khasanov B., Hayitbayev H., Hubert F., 2025
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The study of heat conduction has a history spanning over 200 years and remains a topic of significant scientific
interest. For example, understanding the dissipation and transfer of heat from sources in high-speed machinery presents a
critical technological challenge. This issue is of fundamental importance across various fields of physics.

The heat conduction equation is universal and arises in various contexts, such as modeling mass diffusion or de-
scribing the diffusion of vorticity in viscous fluids. Heat conduction problems also hold significant importance from a
mathematical perspective. The theory of one-dimensional heat equations is currently the most well-developed and widely
applied. Meanwhile, the study of heat conduction problems (of both integer and fractional order) in three-dimensional
and multidimensional domains is a growing area within the modern theory of partial differential equations, driven by their
relevance to real-world processes.

Fractional diffusion models generalize classical diffusion models by incorporating derivatives of non-integer order.
Interest in their study arises from their application in modeling a wide range of phenomena in the physical sciences,
medicine, and biology (see, for example, [9-13].

The two-dimensional and multidimensional space-fractional diffusion equations with variable coefficients present a
complex challenge in both theoretical analysis and computational approaches [14]. When addressing such equations, it is
not always feasible to establish the correctness of the problem using classical methods or to develop efficient numerical
techniques. Consequently, the study of fractional diffusion equations with variable coefficients often combines analytical
methods with various integration techniques to achieve meaningful results.

In [15], methods for the numerical approximation of the fractional diffusion equation with variable coefficients are
presented. The integration of boundary value problems using the method of prior estimates for the fractional diffusion
equation is discussed in [17], following an approach similar to that used in the classical case. Paper [16] introduces a
finite difference approximation method for a spatial fractional convection-diffusion model governed by an equation with
variable coefficients. In [18], the homotopy analysis method and the Adomian decomposition method are applied to high-
order time-fractional partial differential equations. Additionally, works [19-23] investigate initial and boundary value
problems for the fractional diffusion equation with variable coefficients.

The increased interest in the study of loaded differential equations [24] is attributed to their numerous applications and
the fact that they form a distinct class of partial differential equations [25,26]. Notably, the pioneering works of Nakhushev
provided one of the first generalized definitions of loaded equations, along with their classification and applications to
various problems in mathematical physics and biology [27-34]. Boundary value problems for heat conductivity-loaded
equations in both bounded and unbounded domains have been investigated in [28-31], particularly when the order of the
derivative in the loaded term is greater than or equal to the order of the differential part of the equation.

In this work, we investigate both analytical and physical aspects of heat transfer at the microscale and nanoscale,
focusing on an analogue of the fractional diffusion equation with variable coefficients and a fractional loading term. Such
formulations provide a more accurate description of thermal processes in inhomogeneous media, where local and nonlocal
interactions coexist and where the transport mechanisms are influenced by spatial variability in material properties.

It should be noted that significant progress in the theory of inverse problems for parabolic equations with variable
coefficients was achieved by Beznoshenko, Yan, and Kamynin, who were among the first to investigate such problems
systematically. Later, Prilepko and Kostin developed fundamental theorems on the existence and uniqueness of solutions
for inverse problems associated with parabolic initial-boundary value problems involving variable coefficients. These
classical studies laid the groundwork for the modern theory of inverse and ill-posed problems in heat conduction and
diffusion.

Building upon these foundational contributions, the present work addresses an inverse problem for a loaded integro-
differential heat conduction equation with spatially variable coefficients. In contrast to earlier models, we consider equa-
tions that include fractional integral operators and loading terms, which are essential for describing nonlocal and memory-
dependent heat transfer phenomena observed in nanoscale materials. Following recent developments in this field [35-37],
the main focus of our study is on determining an unknown coefficient function in the loaded heat conduction equation and
establishing conditions for its unique reconstruction.

We introduce the following notations:

Let R" denote the n-dimensional Euclidean space, where x = (21, ...,2,) € R™.

Let RZ. represent a subset of three-dimensional Euclidean space, specified by a point (z,y, t), where (z,y) € R? and
t € (0,7], with T > 0:

R% = {(z,y,1) |(:c,y) eER?0<t< T}.
Let f(z,%) be a function defined on R?.
Definition 1.1. Let [ € (0,1). If, for any two points (21,%1), (z2,y2) € R?, there exists a constant A > 0 such that

f(@1,91) = f(2,92)| < A (Jer — z2] + [y1 — w2])

then the function f(z,y) is said to satisfy the Holder condition with exponent [ in R?. The class of all such functions is
denoted by H ' (R?).
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Definition 1.2. Let [ € (0,1) and T > 0. If, for any two points (z1,y1,t1) and (22,92, t2) in R% := R? x [0, T}, there
exist positive constants A, A, A3 > 0 such that

|f(@1,y1,t1) — fz2, Y2, t2)| < Arlmy — 22" + Aoyr — 2| ' + Aslta *t2\l/27

then the function f(x,y,t) is said to satisfy the Holder condition with exponents ! (in z, ) and [/2 (in t) in RQT. The class
of such functions is denoted by H !/2(R2.).

Inverse problem. Find a pair of functions u(z,y, ) and k(z,0,t) in (z,,t) € R%, satisfying the following proper-
ties:

up — a (t) (Ugz + Uyy) = AD"uw (0,y,t) + /t k(x,0,7)u(z,y,t —7)dr, (1.1)

0
u(@,y,t)l—g = ¢ (x.9), (v,y) € R, (12)
u(@,y,t)],—o=x(2,1), (z,t) € R%., (1.3)

where a(x), ¢(z,y), x (x,t) are given functions and

a(t)el={a(t)|a(t)>0,a(t)eC"[0,T]NC(0,T)}, (1.4)
o(z,y) € H'*? (R2) , o (x,y) < g =const >0, ¢(x,0)=x(z,0), (1.5)
X (v,t) € HFHUFD/2(RL) [ 1€ (0,1),\ € R, (1.6)

Dy~ is the Riemann-Liouville fractional integral operator [3] of order o and o > 0. The inverse scattering problem is
finding u(z, y,t) and k (x, 0, t) from the equalities (1.1) - (1.3).

2. Investigation of the problem

First of all, we will construct auxiliary problems equivalent to the inverse problem (1.1), (1.2), (1.3).
Let us introduce the following replacement in the problem (1.1) - (1.3):

Wz, y,t) = uyy(2,9,t), (z,y,t) € RF. (2.1)

Using the change of variable (2.1), the inverse problem (1.1), (1.2), (1.3), is equivalently reduced to the following problem:
Aucxiliary problem: Find functions ¥(z,y,t) and k (x,0,t) in (x,y,t) € R%, possessing the following properties:

t

9, — a(£) AY = ADZ9 (0,5, 1) + / k (2,0,7) 0 (2, t — 7) dr, 22)
0

0 (2,9, )] mg = Pyy (2.9), (z,y) € R?, (2.3)

9 (220D = %x (1) — X (1) —

A I
———Dg.%x(0,0,t) — —— k(xz,0 0,t—71)d 2.4
a(t) 0t X(’ 7) a(t)/o (‘T7 ,T)X(Q?, ) T) T, ( )
moreover, from the initial condition (2.3) and (2.4) the following condition of agreement is satisfied:
1
Pyy (LL', O) = th (557 0) — Xzz (337 O) . (2.5)

Indeed, if the compatibility conditions (1.3) and (2.5) are satisfied, and the functions ¢ and x are sufficiently smooth, it
can be shown that the problems (2.2)—(2.4) are equivalent to the inverse problem (1.1)—(1.3):
First, integrating twice from the (2.1) substitution above from 0 to y, we get

Yy
w(ar,y ) = x (2. 8) + yp (2,0) + / (y— )9, €, e, 2.6)

and, consequently, in (2.1) for the function u(z, y, t), taking into account the agreement condition (2.5) for ¢ = 0, we have

Yy
(@9, 8)l_p = X (2.0) + yuy (2,0,0) + / (5 — €) pec (,€) de =
Yy
:x<x,o>+yuy<z,ovo>+/o (v — €) dpe = x (2,0) + yuy (2,0,0) +
Y
- ) e <x,5>|z+/0 e (2,€) de = x (,0) + yuy (x,0,0) —

—YPy (1’,0) +¢ (l'vy) - (:L’,O) = y(uy (m,0,0) — Py (x,O)) + @(x,y) = Lp(xay) .
As can be seen from (2.6), on y = 0 the additional condition in (1.3) follows.
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The procedure for obtaining equation (1.1) from equation (2.2) is as follows. As the first step, we integrate both sides
of equation (2.2) twice from 0 to y:

/y (v - )0, <:c,s,t>ds—a<t>/y (4~ €) (Dre (2.6,1) + Ve (. 6,1)) d =
0 0

Yy t
=/ <y—s>d§/ K (2.0,7)0 (2,6,¢ — 1) drt
0

+ﬁ/0y£d5/t—r u(0,€,7) dr,

and taking into account equality (2.6), i.e

Yy
[ =906 = utt) = x(@.6) - o 2.0
0
as a result, we have the following relations:
0
87&( (SE Y, ) X(xvt)fyspy (1'70))7

52
—a (t) @ (u(w,y,t) - X (xat) — YPy (.’E, O)) -

—a(t) / Ny~ )iy (. . 1)dE =

B /0 k(@ 0,7) (ul,y,t = 7) = x (2,8 = 7) —ypy (2,0)) dr+
Ao a
+m/0 (t =7 (w(0,9,7) = x (2,t = 7) — Yy (,0)) dr.

e, 3.1) e (2,1) — 1) g (,9,0) + (0 x (2,0) + a (1) (2,0,1)

—a(t)9 (z,y,t) +a(t)9(z,0,t) =
= /0 k(z,0,7) (u(z,y,t —7) — x(z,t —7) — ypy (z,0)) dr+

A /t a—1
== [ =77 (u(0y,7)—x(2t—7) —ypy (z,0))dr.
I'(a) Jo Y
Hence, taking into account condition (2.4) for ¥(z,y,t), it is easy to see that equation (1.1) has been obtained. Thus,

the inverse problem of finding the functions u(z,y,t) and k(z, 0,t), defined by (1.1) - (1.3), is equivalent to the inverse
problem of finding the functions J(z, y, t) and k(z, 0, t) from (2.2) - (2.4).
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Auxiliary problem:

Now, in the second step, if we differentiate the resulting equations with respect to t and make the replacement ¥; (x, y,t) =
p(z,y,t) in (2.2) - (2.4), we obtain the following auxiliary problem for determining the functions 9(x, y, t), k(x,0,t),

and p(z,y,1):

pr — a(t) (poa + pyy) = (1na(t))/ (Ina (¢ / k(z,0,7)0 (z,y,t —7)dr+

+/ k(z,0,7)p(x,y,t )dT—)\(lna(t))/D&aﬁ(O,y,t)—i—
0

A
+AD(;tap (07 Y, t) + k (‘Tv 07 t) ‘pyy (.’E, y) + Wta_lsoyy (07 Y, 0) ) (27)
Pli—o = a(0) Apyy (z,y), (2.8)
" (t
Plymo = Fr2.0) + 50 )X (ot ) dre
1/t 1 ,
_%/O k(l',O;T)Xt(l‘,t—T)dT—wk(l‘,o,t)@(x,()), (2.9)
where
F(@,1) = ——x (@1) = Xau ( t)A/tu 1 (0,0,7)d
Z, *a(t)Xt z, Xza T, a(®)T (@) J, T x (0,0, 7)dr.

As a result, we obtain an auxiliary problem for determining the functions ¥(z, y, t), k(x,0,t), and p(z, y, t).
In the next step, by integrating both sides of the last change of variable from 0 to ¢, we obtain the following equality:

t
9(@,9,t) = pyy (2, ) + / p(2,y,7) dr. 2.10)
0

If the function p(z,y,t) is known, then the function ¥(z, y, t) can be determined from (2.10). Thus, the problem (2.7) -
(2.9) reduces to the problems (2.2) - (2.4), and the problems (2.2) - (2.4) lead to the inverse problem defined by (1.1) -
(1.3). Therefore, finding the functions ¥(z, y, t), k(x,0,t), and p(z,y,t) from problems (2.2) - (2.4) and (2.7) - (2.9) is
equivalent to finding the functions u(z, y,t) and k(z, 0, t) from the inverse problem (1.1) - (1.3).

Thus, we have proved the following lemma:

Lemma 2.1. Suppose that a(t) € I, ¢(z,y) € HF(R?), x(x,t) € HFHUFD/2 (ﬁlT) and the matching conditions
1
X(Z‘,O) :90('1:’0)7 @yy(x70) = th(%O) _X.'L'.'E(x70)7

are satisfied. Then the problem (1.1) - (1.3) is equivalent to the problem of determining the functions ¥(z,y,t), k(x,0,t),
and p(x,y,t) from equations (2.2) - (2.4) and (2.7) - (2.9).

3. Reduction of problem (1.1) - (1.3) to a system of integral equations

Lemma 3.1. The auxiliary problems (2.2), (2.3) and (2.7) - (2.9) is equivalent to finding the functions ¥(z, y, t), k(x,y,t),
p(x,y,t) from the following system of integral equations:

oo [ o(t) dr
o= [ [ ememcdsans [ 5o

0o 0o 6= (7)
X / / / k(£,0,a)9 (&n,07" (1) — o) Gdadédn+ (3.1
—o00 J—0o0 JO

AW ar 0 poo p07HD) -
+I‘(a)/0 a(0-1(7) [m[m/ (0~ (r)—B)" 9(0,n, B) GdBdedn,

o(t) d
o, y,t / / Asﬂnnén)GdfdnJr/ PCaTEE

<[ (tma@ @) pleno ) -
A (o)
— (Ina (07" (1)) / k(£,0,a)9 (&n,07" (1) — a) da) Gdédn+

0
'O dr 0o oo 071(r) »
+/o m/_m /_w/o k(€,0,)p (&,1,07" (1) — ) Gdadédn+
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+ /0 / / (6,0,672 (7)) oy (€, m) Glédn-+ (3.2)

Tl were /m/
wa ) s e oy [ e

X0 (0,1, 8)dB — (07 (7)) gy (€, m)| Gdéan,

/0 (671 () = 8)° p (0,1, B) Gl

dp
k(. 0,t) = w(() <Ft (@,1) / / 0) Ay (€,m) Gédy —

0(¢) . ,
_/o a(odl(T))/_ /_ (lna (671 (7)) p(&n. 07" (r)) Gdcdn+

+ /Oe(t) ﬁ /Z )

o 0~ 1(r)
></ <lna 9_ (t ))) / k(£,0,a)d (577779_1 (T)—a) da) Gd¢dn—

oo

/09 / / A k(€,0,a)p (&n,07" (1) — a) Gdadédn—

- / / / (6,0,671 (7)) o (€, 1) Gdédn— (3.3)

A o(®) dr

<a>/o a@ )
0~ 1(7’ )

/ / / (07 (1) = B)*" p(0,n, B) GdBdedn+

A o) dr

+F (a) /0 a(gfl (7_)) X

' 071(7-) a—1
/ / (hm (67" (M) /O (0" (r) - B) 19(0,77,5)dﬁ> Gdedn—
A 0(t) dr oo Jo%e) . o1
B F(a)/o a(0-1(r)) /_OO /_0O (9 (T)) N Gdfdn> +

@ /Ot ((lna (t))/ X(x,t—7)—x¢ (2,0 — 7')) k(z,0,7)dr,

where, G = G (v — &,y — 1,0 (t)) and, respectively, from 6 (t) — 7.
Proof. In problems (2.2) - (2.3), taking into account formula (2.8) as in the correct problem from [23]

t
F(z,y,t) = ADy;*9 (0,y,t) —|—/ k(x,0,7)9 (z,y,t —7)dr
0

in the above form, we ontain the integral equation (3.1) correspondingly equivalently. In the same way, taking into account
(2.7) - (2.8), we get formula (3.2). Then, taking into account the resulting integral equations and using (2.9), we get the
integral equation (3.3)

From problems (2.3),(2.4) and (2.7), (2.8), integral equations (3.1), (3.2) are obtained analogously to the equation
(1.3). Equation (3.3) follows from equations (2.9) and (3.2).

Now we will prove the existence and uniqueness of the solution to problem (2.2) - (2.4). The proof is based on the
contraction mapping principle.

Theorem 3.2. If conditions (1.4), (1.5), (1.6), and, (2.5) are satisfied, then there exists a sufficiently small number Ty > 0
such that, for T € (0, Ty, there exists a unique solution to the integral equations (3.1) - (3.3) belonging to the classes

{19(1'7yat)7 p(zay7t)} € Hl+27(l+2)/2 (R%) ) k ($,0,t) € HU/Q (R%“) .
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Proof. To prove the theorem using the contraction mapping principle, we rewrite the system of equations (3.1) - (3.3)
as a nonlinear operator:

o= Lo, 0= (01,00,03)" = (9, p,k (2,0,1))", (3.4)

where x is the transposition symbol, Lo = [(Lo), , (Lo ), , (Lo),]". Thus, according to the right sides of equations (3.1)
-(3.3), (Lo),; (i =1,2,3), we have

00 qr
Lo), =00 (z,y,t —|—/ — X
(Lo), = oo1 (x,y,1) 2

« / h / h / T os(6,0, 001 (6,17 — @) Gdadédy+
+F/9t dr / / / 7= B8)* Yoy (0,1, B) GdBdedn,

)=o)+ [ [T [ e eaenn -
e @) [ o 0.0 (07~ )do
+/9(t) di /oo /Oo /?03(5,0,04)02 (&,1,7 — o) Gdadédn+

+ [ iy S mconen e
s [ ad; | o oo cascan-
s [ llna ) [ o s

=003 (z,y,t) —

‘?So /(t) dT / / (Ina (7)) [o2 (€0, 7) -

—/0 3(£,0,a)01 (§,1,7 — @) da

S S [ s 0o Gansn-
ngo / N / / 3(6,0,7) @uy (&) GdEdn—

_F<A>a(<zco /G(t </ / / 7~ 8)" " 02 (0,n, 8) GdBdedn—
_/,m/,m (na(?) /OT(T‘f’) o1 <0,mﬁ)dﬁ0d§dn>+

e [ (0 0) 3= = vt =) 0 0,71

where 07 (1) = 7, 001 (2, ,t) , 002 (z,y,t) and og3 (, 7, t) depends on the given functions, i.e.

oon (.1t / / o (€.1) Gdtdn,

where

Gd¢dn+

Gdedn.

Gdédn—

o0 (2,9, 1) / / 0) Ay, (€,7) Gdédn+

o) qr a,
) s / | @ oy ) Gagan,

703 (,.1) = gfsz ( 0~ [ [ a sy € casan -
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NP0 g oo e
" T(a) / a(7T) [ [ ()™ @y (0,m) Gdfdﬁ>-

Introducing the notation \o|ljll/ = max (|01| 12 \02|l /2 |03|lj;i/2) in HHV/2 (R%.), we introduce the following condi-

tion
S(T) = oy — UO\H/Z < loolz* (3.5)
where o9 = (001, 002,003) and |og |l 2 max( |002| L/2 \003|l L2 ) . Thus, for any function o from
S(T), T < Ty, when (3.5) is executed, the following inequality is true:
o3 5% < 2|00 l5/? i = 1,2,3.

As is known, for ¢ (z,y) € H 1+2 (R2), the Cauchy problem for the classical heat conduction equation has a solution. In
problem (1.1) - (1.3), taking into account the auxiliary problem, the initial conditions must satisfy ¢(x,y) € H H'6(1[%2),
since the auxiliary problem involves fourth-order derivatives.

If the Cauchy condition ¢(z,y) € H'"2(R?) holds for the classical heat conduction equation, then the Cauchy
problem for the classical heat diffusion equation has a solution [39]. Since we consider the class ¢ (x,y) € H'T°(R?),
the fourth-order derivatives are also involved in the corresponding auxiliary problem. Based on this, we introduce the

following notation:

1+4, l+4 2
L1 =[]0 xo == [l

agp == tre%a’);} ’(lna (1))

Contraction Mapping Principle. Any contraction mapping defined on a complete metric space has a unique fixed point;
that is, the equation x = Ax has a unique solution xy € S.

At the initial stage, using the estimates of thermal volume potentials [38][pp. 318-325], we can easily obtain the
following inequalities:

La) - 11/2
t )
dT
= 03(£,0,a)01 (§,1,T — o) Gdad&dn +
T
A t d [e%s} [e%s} T Li/2
T ~ a—1
+ —/ A/ / / 7= B) " 0y (0,1, f) Gdpdedn| <
Tty a@ L)y 707 00D i

< Bo (1) |(o3 (€, m,t0) 0 (&1, 2 = to))Ii 2 + B (1) |(o1 (0,m,%0)) 57 <
<40 (1) (Iool5”?) "+ 260 (T) (lool)
(La)y = o0l <
<48, (1) (a0 + 1) (|ool4/?)” + 262 (T) (2a0 + 01 + 1) (|ouls/?)

|(Lo)y — oosly” <

1,1/2

<2(B1 (T) a1y " (2a0 + 1 + 1) + X0y " To (ao + 1)) oo 7, +
40 (1) g™ (a0 +1) (Jools/?)
Therefore, if we choose 7} so that the following inequalities should be satisfied:
450 (To) (\00|l l/2> + 281 (To) (\00|l l/2> <1,
11/2 1Li/2
480 (1) (a0 + 1) (Joof5/%) "+ 285 (1) (2a0 + 01+ 1) (loli?) < 1, (3.6)
2 (B1 (To) arpg " (2a0 + @1 + 1) + xo9p T (a0 + 1)) |ool7* +

1 1,172\ 2
+482 (Ty) a1y~ (ap + 1) (|00|TO ) <1,
then the operator L for T' < T} has the first property of a contraction mapping operator, that is, Lo € S(T').

Now consider the second property of the contraction mapping for the operator L. Let o = (a%l) agl), a:(,, )) €

S(T), c® = <a§2) 052),03 ) € S (T), then, following evaluation
Li/2 1,1/2
‘Uél)ogl) — O’éQ)O'gQ) ‘T = ‘(Uél) — 052)> a%l) + 052) (Ugl) — 0%2)>’

T
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2 e ([ o247 a1t~ 2],
T T
we have (
l,l/2 o(t) d fe’e] [e%s)
)((LO‘)(U — (LU)(2)> ‘ = / 77;/ df/ dn
T 0 a(T) —o00 —0o0
~ 11/2

I [aé”(g, 0.1 (€.1.7 — ) — o2 (€.0.0)0!? (7.7 - a)} Gdo|  +

T

T £

11/2
x Gdﬁdgdml 12 < [850 (T)|o |l 12 g8, (T)} ‘0( <2>‘

Similarly, estimating the second and third components of Lo we have:

(o - 1) [

T

1,1/2
< [281(T) (20 + 1 +1) + 88 (T) (a0 + 1) oo %] [ @) — o®

‘(@g)(l) _ (Lg)m)
< [2(B1 (T) a1y (2a0 + @1 + 1) + X0 ' To (ao + 1)) ’C,(l) o
 [582 (Dyarei® wo-+ 1) foli)] o =

1,1/2
Therefore ‘(La(l) — La(z))‘
T

To
1,1/2
| <
3T
1,1/2
+
To

11/2

To
1,1/2

<p ’0(1) — 0(2)’ , where p < 1, if satisfied
T

{850 (T)

[251 (T) (2a0 + o1 + 1) + 882 (T) (ao + 1) |oo|“ ”2} <p<l,
[2(B1(T)arpg ' (2a0 + @1 + 1) + fowy "To (a0 + 1)) ] + (3.7)

+ {862 (T) arpp * (ao + 1) <|a |l l/2)} <p<l,

then the operator L is also contraction on S (T').

From the satisfaction of inequality (3.7), it directly follows that (3.6) also holds. Furthermore, since 7} satisfies
T < Ty and condition (3.7), the properties of a contraction mapping operator are fully satisfied. Consequently, by the
Banach fixed-point theorem, equation (3.4) has a unique solution. Using the method of successive approximations for the
system of equations (3.1)(3.3), obtain a unique solution within the function space H't*(+2)/2 (RZ%)

Thus, the existence and uniqueness of the solution to the system of integral equations (3.1)—(3.3) imply the existence
and uniqueness of the solution to the equivalent problems (1.1)—(1.3).

W2+ 260 (1) <p <,
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ABSTRACT This paper presents a detailed spectral analysis of the discrete Schrédinger operator H.,», (K),
which describes a system of two identical bosons on a two-dimensional lattice, Z?. The operator’s family is
parameterized by the quasi-momentum K < T2 and real interaction strengths: ~ for on-site, A for nearest-
neighbor, and 1 for next-nearest-neighbor interactions. A key finding of our study is that, under specific condi-
tions on the interaction parameters, the operator H.,,, (K) consistently possesses a total of seven eigenvalues
that lie either below the bottom or above the top of its essential spectrum, over all K € T?.

KEYWORDS two-particle system, discrete Schrédinger operator, essential spectrum, bound states, Fredholm
determinant
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1. Introduction

Lattice models constitute a fundamental framework within mathematical physics [1]. Among these, the lattice V-
body Hamiltonian provides a simplified representation of the corresponding Bose- or Fermi-Hubbard models, specifically
focusing on the dynamics of a limited number, N, of identical particles. These Hamiltonians remain an area of significant
research interest, particularly for low particle counts where 1 < N < 3, and the associated lattice /N-particle problems
have been subject to intense scrutiny over the past decades [2-9].

A compelling motivation for studying these lattice Hamiltonians is their intrinsic connection to continuous systems;
they naturally serve as a discrete approximation to the continuous N-body Schrodinger operators [10]. Formulating the
N-body problem on a lattice offers the distinct advantage of placing the analysis within the established theory of bounded
operators. It should be noted that the one-particle (N = 1) problem on a 1D lattice is largely addressed by the general
perturbation theory applicable to infinite Jacobi matrices (see, for instance, [11, 12]). The bound state energies of one-
and two-particle systems, situated in two adjacent 3D layers linked by a window, were numerically reported in [13].

Lattice N-body Schrodinger operators are essential models for systems describing N particles traveling through
periodic structures, exemplified by ultracold atoms injected into optical crystals [14, 15]. The study of ultracold few-atom
systems in optical lattices has been particularly active in recent decades due to the experimental control over critical
parameters, including temperature, particle masses, and interaction potentials (see, e.g., [15-19] and references therein).

It is well known that the celebrated Efimov effect [20] was initially attributed to three-particle systems in the three-
dimensional continuous space R>. A rigorous mathematical confirmation of the Efimov effect was established in [21-24].
Subsequently, it has been demonstrated that the Efimov effect also occurs in three-particle systems defined on lattices
[25,26]. Consequently, lattice three-body problems represent another significant domain for Efimov physics research [27].

Furthermore, lattice Hamiltonians find application in fusion physics. For example, [28] utilized a 1D lattice-based
Hamiltonian to successfully illustrate that arranging molecules of a specific type into a lattice structure can substantially
enhance their nuclear fusion probability.

In contrast to the continuous setting, the center-of-mass motion of an /N -particle system (/N > 2) on a lattice cannot be
fully decoupled. However, the inherent lattice translational invariance of the Hamiltonian permits the use of the Floquet-
Bloch decomposition. Specifically, for the (quasi)momentum-space representation of the /N-particle lattice Hamiltonian

© Lakaev S.N., Latipova D.A., Akhmadova M.O., 2025



738 S. N. Lakaev, D. A, Latipova, M. O, Akhmadova

H, one can employ the following von Neumann direct integral decomposition (see, e.g., [2, Sec. 4]):

(&)
H o~ / H(K)dK, (1)
KeTa

where T¢ denotes the d-dimensional torus, K is the center-of-mass quasimomentum, and H(K) is referred to as the
fiber Hamiltonian. For each K € T¢, the entry H (K) operates within the functional Hilbert space associated with
TNV-14  The decomposition (1) effectively reduces the problem of studying the total Hamiltonian H to analyzing the
simpler fiber operators H(K). We observe that the dependence of H(K') on the quasimomentum K € T, although
non-trivial, is confined solely to the kinetic energy part and does not involve the (pairwise) inter-particle interaction terms
(see, e.g., [2,29]).

In this paper, we focus on the fiber Hamiltonians H.,,(K) on a 2D lattice, acting in the Hilbert space L*°(T?). The
Hamiltonian is defined as

H’YNL(K) = Ho(K) + Varus

where H((K) is the kinetic-energy operator and V/,y,, represents the interaction potential. The real parameters -, A,
and p describe interactions between particles at the same site, nearest-neighbor sites, and next-nearest-neighbor sites,
respectively.

The discrete eigenvalue problem for H.,,,(K) is complex, but the operator has at most seven eigenvalues outside the
essential spectrum, which is given by

Oess(Hyxu(K)) = [Qi (1 — cos I;),Zi (1 + cos I;)] .

The space L2’e(T2) can be decomposed into a direct orthogonal sum of invariant subspaces:
L2’e(T2) — L2,oos(-]r2) o L2,ees(1-2) @ L2,ea(r]r2).

This decomposition simplifies the spectral analysis of the full operator to studying its restrictions on these subspaces, as
shown by the equality

o (Hyxu(0)) = o (H;(0)) U o (HI5,(0)) U o (H5,(0)). 2)

Our primary objective is to find simple conditions on the parameters for which H.,,(0) possesses precisely seven
isolated eigenvalues. We then apply this result to determine the exact count of discrete eigenvalues for H., (K) over
all K € T?. This work extends previous results on the ground state of H,»,(K) by providing a more comprehensive
analysis of all eigenvalues.

In [30-35], similar spectral results were obtained for two-boson systems on d = 1, 2 lattices with on-site and nearest-
neighbor interactions governed by real parameters  and .

For a system of two identical bosons on a d-dimensional lattice 74 (d = 1, 2) with on-site (), nearest-neighbor
(), and next-nearest-neighbor (u) interactions, the discrete spectrum of the associated two-particle Schrodinger operator
H., 5, (k), k € T has been studied and determined the number and position of isolated eigenvalues for all values of the
interaction parameters in [36-39].

The paper is structured as follows. In Section 2, we introduce the two-particle lattice Schrodinger operator. Section
3 presents our main results, and the proofs are provided in Section 4.

2. Discrete Schrodinger operators on lattices
2.1. Schrodinger operator for particle pairs with fixed quasimomentum and its essential spectrum

Let T? be the 2D torus, and let L*(T?) denote the subspace of L?(T?) consisting of even functions.
For v, A\, € R and K € T3, the bounded and self-adjoint Schrodinger operator H,»,(K) describing interacting
particle pairs ( [2,35])is defined as:

Hoyzu(K) = Ho(K) + Vi

The unperturbed operator, Hy(K), acts as

(Ho(K)f)(p) = Ex(p)f(p),

where the dispersion function £k (-) is given by:

2
Ex(p) = QZ (1 —cos &t cosp;), p=(p1,p2) € T
i=1
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The perturbation operator V,, is given by

A
Vo) = 135 [ F@)da+ oz > cosms [ cosaif(a)dg ®

2
I
+t i z; cos pz/ cos2¢; f(q) dg

+ LQ COS P COS P2 / cos q1 cos g2 f(q) dg
2T T2

+ LQ sin p1 sin py / sin g1 sin g2 f(q) dq
27T T2

Since the interaction potential V., 5, has a rank of at most seven, it constitutes a compact perturbation to the kinetic-
energy operator Hy(K). According to Weyl’s theorem, such a perturbation does not alter the essential spectrum of the
operator. Consequently, the essential spectrum of the full operator H.,,, (K) is identical to the spectrum of the unperturbed
operator Ho(K):

Uess(H'yAu(K)) = U(HO (K))
This essential spectrum corresponds to the range of the kinetic energy function £k (p) over the domain p € T2, forming
the interval [Epin (K), Emax (K)]. The minimum and maximum energy values are given by:

2
Emin(K) =2 Z <1 — cos I;) > Emin(0) =0,

i=1
2 K
Emax(K) =2 ; (1 + cos 2) < Emax(0) = 8.
3. Main results
The following results summarize and extend the findings presented in [2, Theorems 1 and 2] and [35, Theorem 3.1].

Theorem 1. If, for some v, \, u € R, the operator H.,,(K) has at least n eigenvalues in (—00, Emin(K)) (o1, respec-
tively, (Emax(K),+00)), then for any quasi-momentum K € T?, the operator H.,(K) has at least n eigenvalues in
(—00,0) (or, respectively, (8, +00)).

This implies that the number of discrete eigenvalues observed at the zero quasi-momentum (K = 0) establishes the
sharpest possible lower bound (across all K € T?) for the total count of discrete eigenvalues of H. (K.
Our next findings detail the precise count of these discrete eigenvalues.

Theorem 2. Let K € T? and , \, u € R. The following assertions hold:
(i) If the coupling constants are sufficiently negative (y < —12, A < —12, and p < —12), then H,x,(K) features
exactly seven discrete eigenvalues positioned in (—o0, Enmin (K)).
(ii) If the coupling constants are sufficiently positive (y > 12, X\ > 12, and p > 12), then H.,»,,(K) features exactly
seven discrete eigenvalues positioned in (Epax(K), +00).
4. Proof of the main results
4.1. Invariant subspaces of the Schridinger operators H.,,,(0)
Lemma 1. The Hilbert space Lz’e(']IQ) admits the orthogonal decomposition
L2¢(T?) = L2°e5(T2) @ L2°%(T2) @ L2°9(T?), (4)
where
L2(T?) = {¢p € L*°(T?) : ¢(t1,t2) = p(ta, t1) = d(—t1,t2), Vi1, s € T}
L209(T2) = {§ € L2°(T2) : §(tr,ta) = Blta,t1) = —(—t1,12), Vt1, ts € T} )
L¥(T%) = {¢ € L*(T?) : §(t1,t2) = —o(t2, 1), Vtr,t2 € T}

Moreover, the action of the operator H.»,,(0) preserves the invariance of every subspace defined in (4) .

Proof. The definition (5) correspond to the standard decomposition of L?°(T?) into irreducible subspaces under the
action of the permutation group G,. Orthogonality of these subspaces follows from symmetry considerations, and their
direct sum exhausts L>°(T?). Since H.,,(0) commutes with permutations of variables, each subspace is invariant under
its action. O
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From Lemma 1 (ii) it immediately follows Eq. (2). Therefore, it suffices to independently analyze the eigenvalue
spectra of the restrictions of H.,y,(0) to the reducing subspaces L*°*(T?), L?**(T?), and L*°°5(T?) to obtain the
complete discrete spectrum of the total operator ., (0) on L?¢(T?).

4.2. The Lippmann-Schwinger operator

Let {a$°%, a5, a§%, a5°} € L?°*(T?), resp. {a§”, a5} C L**(T?) and {a$°*} C L*°°*(T?) be a orthonor-

mal system of vectors with

eee(p) _ 1 a;eS(p) _ cosp1+cosp2’ a;eS(p) _ cos 2py +cos 2p2 azes(p) __ COSpj COS P2

al - ﬂ’ 27 2 T ’ (6)
Oé‘l)os (p) _ sin pl;mpg , Oé‘ia (p) _ Cosp12fﬂ—cosp2 , aga(p) __ cos 2p127r00:> 2p2
We note that, the perturbation operator V5, can be expressed in terms of the orthonormal systems (6):
(V’Y)\Mf)( ) (f7 663) TGS (f7 668) €ees (f’ 663) 663 (f7 665) €ees (7)
_"_ §(f’ aia)aia + §(f’ a;a)aga + (f’ OOS) ?OS.
By applying the representation (7) of V,,, one concludes that
;g\su(o) = H’Y/\H(O)|L2,ees(’1r2) = HO(O) + ’)?iim
HE™(0) 1= Hyxg ()] oo oy = Ho(0) + V0,
Hiz(o) = H’YA#(O)|L2,ca(T2) = HO(O) V)\;n
where
xnd = Varu(0)] o ooy [ = (f7 ai®)ai® (f7 a5”)a5™
(j‘7 668) €ees (f’ 665) 6667
008 008 00s (8)
Vvu f= v)\u )’L:»,oos(']p)f = (fa ) )
ea ea lL ea ea
f - 'y)\u )|L2,oa(’]r2)f: §(faa1 )al +§(faa2 )a2 )

where (-, -) is the inner product in L*¢(T?).
The Lippmann-Schwinger operators corresponding to HIY,, H;°%, and HY), are defined for any 2 € C \ [0, 8] (and

YA
shown here in their transpose form, following, e.g., [41]) as:
'c;is,u(ov Z) = ';};ZRO(O’ Z)a

B;(0,2) = =V, Ry (0, 2),
BiZ(O, z)=-Vy ’RO(O z),
Here, Ro(0, z) := [Ho(0) — zI]~* represents the resolvent of the free operator Hy(0), defined for z € C \ [0, 8].

Lemma 2. Let v, A\, ;1 € R. The number z € C\ [0, 8] is an eigenvalue of the operator HSY; (0) (resp. H;%*(0) and

H{7.(0)), if and only if the number 1 is an eigenvalue for B15;,(0, ) (resp. B;?*(0, 2) and By, (0, 2)).
The lemma’s proof is standard, following well-known techniques (e.g., [40]), and is therefore omitted.

Due to the representation provided in (8), the eigenvalue equation
S:(0,2)p =, € L¥*(T?)
668)

can be transformed into the following algebraic linear system involving the component coefficients x; := (¢, 1=

1,2,3,4:

Y

)

[1 4 2va11(2)]x1 + Aa12(2)ze + pars(z)zs + para(z)zs =0
0,
2va13(2)x1 + Aags(2)xe + [1 + pass(2)]zs + pass(z)zs =0,

2va14(2)x1 + Aaga(2)xe + pasze(2)zs + [1 + pagsa(z)]zs =0
Analogously, the Lippmann-Schwinger equation BSj,(0,2)¢ = ¢, ¢ € L?*°%(T?) respectively B2%(0,2)p =

)
2va12(z)x1 + [1 4+ Aaga(2)]z2 + pags(z)xs + page(z)xy =
)

)

@, ¢ € L?°°%(T?) is equivalent to

[14 Ab11(2)]y1 + pbia(2)y2 = 0, cay
’ y (@7 )’ L= 17 2
Abi2(2)y1 + [1+ pbaa(2)]y2 = 0
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respectively
(14 pe(2))(p, a%%) =0,
where
1 [ af®(p)as=(p)p
aii(2) == [ T R =1,2,3,4
i) Q/Tz G-z
:*(p)as*(p)p
bii(z ::/ 7ﬂ, i,j=1,2, 9)
=3 e e - ’
c(z) _1/ (% (p))’ P
"2 e Eolp)— 2
Let us introduce the determinant functions Aiefu( z), i‘;(z), AZOS(Z) forz € R\ [0, 8]:
1+ 2va11(2)  Aaia(z paz(z pais(z

,effu(z) :=det[I — Bf;isﬂ((),z)] =
)\(123(2’

1+ paszs(z)  pasa(z

( ) ) )
2va12(2) 1+ daga(2) pass(2) Hagq(2)
2va13(2) ) ( )

) ) ) (

2va14(z Aag4(z JIENE 1+ paqgq(2)

(=) 1= det{] — BE(0, 2)] = L+ Xo1i(2)  pbia(2) ’ (10)

aulZ
)\blg(z) 1+ /ngg(z)
AL (2) i=det[I — B;*%(0, 2)] = 1+ pc(z).

We state the well-known lemma connecting the eigenvalues of the restricted operators H37%),(0), H,,°*(0), and HYj,(0)
to the zeros of the corresponding determinants.

Lemma 3. A number z € R\ [0, 8] is an eigenvalue of H3S,,(0) (resp. H,°*(0), HY7,(0)) with multiplicity m > 1 if and

YAp
only if z is a zero of ATY (2) (resp. Ay(2), A}, (2) ) with multiplicity m. Moreover, the maximum number of zeros in
R\ [0, 8] for ATY,(2), AL (2), and AT, (2) is four; one, and two, respectively.

The proof for this lemma follows from routine methods (see [35]), so we proceed without including it.

Theorem 3. For z € R\ [0, 8], the functions a;;(z) (i,j = 1,2,3,4) are real-valued. They are strictly increasing on
both (—00,0) (where they are positive) and (8, +00) (where they are negative). Additionally, they satisfy the following
asymptotic relations:

1
P e <
a;i(2) = T
i2) FOLLG ) <1>+ 1) 8
a;; 877 —a;; to(l), as =z ,

—pM
by (=) — bH) +o(1), as z /0,
by +o(l), as 238,
37T_8 o(1), as z /0,
c(z) = gﬂ_
+0(1), as z\8.

The functions In(—z) and In(z — 8) are understood to be the specific branches chosen to be real when z < 0 and z > 8§,
respectively. The coefficient matrices a'®) = (al(-?), aV = (agjl) (i,j = 1,2,3,4, ) and bV = (bgjl) (i,j = 1,2), are
given by

0 -1 -7+ 2 1
1 2 2 2 4 T
1 1 o744 p)
2 4 4 4 - ) B -
0) _ 1 _ T 2 s s
a'V = , aV =1 _ _ _ 88 e |,
9 4 4 4 T+ 2 T+ 2 1071'—!-3 2T 3
T
29 4 4 4 1 2 or — % -T+3
™ s ™ 2T
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Proof. Theorem 3 can be proven by adapting the proof of Proposition 4.4 in [35]. (]
Lemma 4. The asymptotic behavior of the real-valued functions A%Y, (z), A}, (2) and A} (2) is given by:

() lim AS(:) = lm ASL()= lm AT(z)=1;

(ii)

C(;\s ( ) = _ﬁ _('Y, )\,,u)ln(—Z) + D’y)\,u (1)’ as  z /‘ 07
T _ﬁQ—’_(’Yv )\,/J,)ZTL(—Z) + D'y)\p (1)’ as  z \‘ 8,

() _{1+ U\ 4 282291 G209 Ny 4 o(1), as 2 210,

VA - omy 26209 (32 97r) Mito(l), as 2\ 8,

s ™

1+ 371-_8,u—|—0(1), as z /0,
A%%3(z) = 37r3— <
1- gy nwto(l), as 2,8,
where
QF (1A ) = (v F ) (QF (WA F QF (1)) — 805 (1)
and

— 4(10-3
Qi () = 1858my2 5 4050 1 4,

Qli(u) . 2(16-57) 1% F 8= 217r'u +1.

™

Proof of Lemma 4. The proof is facilitated by the Lebesgue dominated convergence theorem (for the first part) and Propo-
sition 3 (for the final part). O

The following lemmas provide the exact count of the zeros for the determinant functions A}%(z), AY),(2), and

~au(2) outside the essential spectrum [0, 8].

Lemma 5. The following assertions hold for the determinant A7 (z):
(i) If p < =12, the function A}°*(2) has precisely one zero in (—0c0,0).
(ii) If p > 12, the function AOOS( ) has precisely one zero in (8, +00).

Proof. The result follows directly from [35, Theorem 4.5]. O

Lemma 6. The following assertions hold for the determinant A%, (2):

(i) If A < =12 and p < —12, the function AS;, () has precisely two zeros in (—00,0).
(ii) If A > 12 and pi > 12, the function AY),(z) has precisely two zeros in (8, +00).

Proof. The proof for Lemma 6 follows established techniques, such as those demonstrated in [37, Theorem 1] and [39,
Theorem 2]. O
Lemma 7. The following assertions hold for the determinant ASY,,(2):

(i) Ify < =12, A < =12, and ju < —12, the determinant function AZY, (2) has exactly four zeros in (—o0,0).

(ii) If vy > 12, A > 12, and p > 12, the determinant function AZY,,(2) has exactly four zeros in (8, +00).

Proof of Lemma 7. i) Lety < —12, A < —12 and p < —12. Assuming p is negative (1 < 0), the function
0(2) := 1+ paga(z)

—where a44(z) is defined in (9)—is continuous and strictly decreasing for z € (—o0,0). From the explicit definition of
a44 in (9) it follows that

lim §(z) =

Z—r—00

At the same time, the asymptotic expression for a44(z) in Proposition 3 implies that

il;% §(z) = —o0.

Therefore the function 6(z) = 1 4 pag4(z) has exactly one zero z1; within the half-axis (—oo, 0) and, thus,

14+ pags(z) >0 if 2z <z, (an
1—|—,ua44(z)<0 if z11 <z<0.
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Notice that the equality 1 4+ pag4(z11) = 0 implies that
AGe (z11) = (1 + pass(z11)) (1 + pasa(z11)) — p(asa(z11))?
= —p*(aza(211))? < 0. (12)
The inequality ;1 < —12 implies that
Q(0,0,p) = MDD gy 4 o2l > 0.

The inequality @~ (0,0, ) > 0 and Lemma 4 yield that

Jim_AG(2) =1, lim A5(2) = +oc. (13)
The relations (12) and (13) imply that
zgr_noo Afou(2) =1, AgGy,(211) <0 and ll}% AGG,,(2) = +oo.
This means that there exist real numbers zo; and z95 such that
291 < 211 < 299 < 0 (14)
and
AGou(221) = AGgy.(222) = 0. (15)
The equality (8) implies that the operator V{5, has rank at most two. Therefore, by the minimax principle, the
operator Hgg;, has at most two eigenvalues below zero. By the first statement in Lemma 3, the function AG (2) has at

most two zeros in R \ [0, 8]. Hence, and by (15) the function AGF, (2) has precisely two zeros (221 and zg2), lying in
(—00,0). Therefore

ARG (2) >0 if 2 < 2915
S%L(Z) <0 if 291 < 2z < 299 (16)
AS%SH(Z) >0 if z90 <2z<0.

The equalities A, (221) = Agp,, (222) = 0 yield the following relations

(14 pass(z01))(1 + pasa(221)) = p?(asa(221))* > 0,
(1 + pazz(z22))(1 4 pasa(z02)) =  p*(aza(222))? > 0.

Hence 1 + pass(z91) and 1 + pagq(z21) (resp. 1 4 pass(za2) and 1 + pagy(292)) have the same signs. Combining this
with (11) and (14) yields

7)

1+ pazs(z21) >0 and 1+ pa(z21) > 0;

1+ paszs(z22) <0 and 14 pagq(zae2) <O0. {19
For the roots z21 and z99 of
b (2) = (1 + pass(2)) (1 + pasa(z)) — pa3,(z) =0
we then have
V1 + pags(221)\/1+ pasa(zo1) = —paza(zo1) (19)
and
\/—[1 + pass(z22)] \/—[1 + paga(z22)] = —pase(za2). (20)
Using the explicit representation (10) for Ag‘f\su(z) and (19) one arrives with the following equality:
83;(221) = —/\M[\/ 1+ paga(z21)a23(z21) + /1 + ua33(2’21)a24(221)]2- (21)
Clearly, (21) implies that
Agisu(zgl) < 0. (22)

Analogously, the identity (20) gives that
2
ARy (222) = e[/ =1+ pasa(z22)]ass(z22) + V-1 + 2pass(222)]asza(z22)]” > 0. (23)
Meanwhile, for A < —12 va < —12 we have

Qo (w) = 1052 + A0 4 3 > 0

and

4(Q1 (1) —12Q7 (1)) = 1025y 4 2005128m, 45>,
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The above inequalities obeys that
Q7 (0, A ) = 4Q5 (1)(A +10) = 4(QF (1) = 12Q5 (1)) < 0.

Lemma 4 and inequality Q™ (0, \, ) < 0 give

ZLiIElOO oa(2) =1 and ll}% AgR(z) = —o0. (24)

Taking into account (22), (23) and (24) this implies there existence of real numbers z31, 232 and z33 such that
231 < 291 < 239 < 292 < 233 <0 25)

and

AR (231) = AGN(232) = AGR,(233) = 0. (26)

The equality (8) implies that the operator V;j\}, has rank at most three. Therefore, again by the minimax principle [42,

Theorem XIII.1], the operator H{y,, has at most three discrete eigenvalues. Then, Lemma 3 guarantees that the function
0ap(2) has at most three zeros in R \ [0, 8]. Given these bounds and established results, the function AgY), () is found

to have precisely three zeros (231, 232, and z33), all of which lie in the interval (—o0, 0).

Let
1+
An(z) —  det Ma33(z) Ma34(2) ’
pazs(z) 1+ pasa(z)
14+ A
Apa(2) = det az(z) - ponu(s) @7
Aag4(2) 1+ pags(2)
14\
A33(Z) = det GQQ(Z) Ma23(Z)
Aags(2) 1+ pass(z)
and
A
Aja(z) := det a23(2) Haza(2) , Agq(2) = det Hazs(2) Haz(2) ,
Aaga(z) 14 pagq(z) pnasa(z) 1+ pagq(2)
A 1+
Aua(e) o= det M40 TR0} ) e [ 1) el (28)
Aagq(2) pasa(z) 1+ pass(z)  pesa(z)
14+ A 1+ A
A23(Z) = det a22(z> Iua23(Z) y A32(Z) = det aQQ(Z) paza (Z)
Aaza(z)  pasa(z) Aags(z)  pasa(z)
The definition (28) implies that
pA12(2) = AMai(2),  pAia(z) = Mai1(2),  As(z) = Asa(2) (29)

From the definitions (27) and (28) one derives that

A11(2)Azz(2) — A13(2)Az1(2) = AGR,(2) - [1 + pass(2)],

Ar1(2)A22(2) — Ar2(2)A21(2) = AR, (2) - [1 + paaa(2)], (30)

Ag2(2) Asz(2) — A2s(2) As2(2) = AGRL(2) - [1 + Aazz(2)]
and

A11(2)A2(2) Azz(2) — A12(2) A3 (2)Az1(2) = Sisu(z)RM(z), (31)
where
Ryu(2) = [1+ Aagz(2)] - [1 + pass(2)] - [1 + paas(2)] — ApParz(z)aia(2)aza(z).
Then the equality AgY),(z31) = 0 and identity (30) resp. (31) imply that

Aq1(z31)As3(231) = A13(231)A31(231),

A11(231)A22(Z31) = A12(Z31)A21(Z31), (32)
Ago(231)As3(231) = Aas(231)As2(231)

resp.
All(Z)AQQ(Z)A33(Z) = Alg(z)Agg(z)Agl(Z). (33)
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It is worth noting that the functions 1 + pags(2) and 1+ paq4(2) both exhibit strict decrease on the interval (—oo, 0).
Then the relations z3; < 221 and (18) yield that

1+ pass(z31) > 14+ pass(ze1) >0 and 1+ paga(z31) > 14 paga(ze1) > 0. (34)
The inequality (34), the negativity of A, u and positivity of the functions as3, as4, as4 (See Proposition 3) yield that
A1a(231) = Aaos(231)[1 + pass(z31)] — Apaza(z31)asa(zs1) <0,
A13(231) = Apans(z31)asa(z31) — Aaza(z31) [1 4 pass(zs1)] > 0. (35)
The relations (29) and (32) yield that

MAZ, (2
A11(Z31)A33(231) = A13(Z31)A31(231) = M >0,
H (36)
(1A% (231)
Aq1(2z31)A22(231) = A12(231)A21(231) = — 0.

The inequalities (36) give that the numbers A11(231), A22(z31), As3(231) has the same signs. The relations (16) and
(25) yield that
Ar1(z31) = AR, (231) > 0, therefore  Agg(231) >0,  Aszz(231) > 0. 37
Then the relations (33), (35) and (37) obeys that
Aas(z31) < 0.
The equality (29) and inequalities A23(231) < 0, (35) imply that
A12(z31) <0, Aoi(z31) <0, (38)
Aos(z31) <0, Asae(z31) <0,
As1(z31) >0, Aiz(z31) > 0.
The equalities (29) and (30) give that

A%g(zsl) — M7 A§1(231) — M (39)
A35(231) = Aoa(z31)Ass(231),  Alx(z31) = Aoa(231)Ass(231)
A§1(231) _ uA11(231;A33(231)’ A%g('z:}l) _ AAH(ZM;ASS(ZSI)'

Taking into account the signs of the numbers A, ;(z31) in (38) and using the equality (39) we arrive that

Al (231) - _ />\A11(Z31,2A22(Z3L)’ A21(Z31) = —4/ F‘All(z31>)\A22(231),
Ass(231) = —\/Asa(231) Az (231),  Asa(z31) = —/Aaa(231) As3(231), (40)
Aszi(231) = M’ Ars(z1) = M_

We can represent the determinant ATY (2) in (10) as follow:

S (2) =1+ 27411 (2)]AGS, (2) — 27Aai5(2) A1 (2) 4 2ypara(2)ais(2) Ara(2) — 2ypa12(2)a1a(z) Ars(2)
+ 29ha13(2)a12(2) Aoy (2) — 2ypa3;(2) Ass(2) 4 2yuai3(2)ais(2) Ass(2)
— 2yAa14(2)a12(2) As1 (2) + 2ypa14(2)ars(2) Asa(2) — 2ypai,(2) Ass(z).

Using the above representation of the determinant ASY, (2), equality AgY),(z31) = 0 and (40) we find that

Su(z31) = — 2yAafs(231) Arn (231) — 2ypais(2s1) Asa(za1) — 2vpady(231) Ass(251)
- 4’7\//\MA11(2’31)A33 (2’31)6112(231)&14(231)
— dypar3(z31)a1a(2zs1) v/ Az (231) Ass (231) 41)
— dy\/ApA 1 (231) Aoz (231)a12(231)ars(231)

=— 2(6112(231)\/ YAA11(231) + a13(231) VY1 A22(231) + a14(231) ’Y,UA33(231))2-

The equality (41) and positivity of the function a2, a13, a4 gives that

Sau(z81) < 0. 42)

Combining the relation (16) with inequalities 251 < 232 < 2292 and 295 < z33 We arrive that

Aq1(z32) <0, Aga(z32) <0, Asz(z32) <0
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and
All(Z33) > 0, AQQ(Z33) > 0, A33(233) > 0.

respectively.
So, in a similar way we show that

AEJYC)\SM(Z32)

2
= 2(012(232)\/ —YAA11(232) + a13(232)/ — Y1 A22(232) + a14(232) *’WA33(232)) >0

and

'Cyc)\su (233)

2
= —2(&12(233)\/ YAA11(233) + a13(233) /Y A22(233) + a1a(233) ’WA33(233)) < 0.

The assertions v < —12, A < —12, u < —12 yield that
Q™ (1A 1) =(7+ 4)(Q5 (WA + Q1 (1) — 8Q5 (1) =
(7+12)(Q5 (WA + Q1 (1) = 8Q5 (WA +12) +8(11Q5 (1) - Q7 (1) > 0.
The relation Q™ (v, A, ) > 0 and Lemma 4 obeys that

zEIEloo AR, (z) =1 and ;1}1(1) AT (2) = +oo.
Therefore
Jlim ASRL(2) =1, ATR(z81) <0, AT, (232) > 0,
i‘i\su(z%) <0, 21}% Ai‘i\su(z) = 400.
The above relations yield there existence of four zeros z41, 242, 243, 244 Of function ,CYC/\SM(z), satisfying the following
inequalities
z41 < 231 < Z40 < 239 < 243 < 233 < 244 < O. 43)
The proof for item (ii) follows an analogous procedure. O
Proof of Theorem 1. The result is proven analogously to Theorem 3.1 in [35]. (]

Proof of Theorem 2. (i) Assume that v, A\, u < —12.
We first determine the number of bound states for X' = 0. Combining the results of Lemmas 5, 6, and 7 provides the
number of negative zeros for the corresponding determinants:

o A)%(z) has exactly one zero (Lemma 5).
o Af,(2) has exactly two zeros (Lemma 6).

A (2) has exactly four zeros (Lemma 7).

The decomposition (2) and Lemma 3 confirm that the total number of bound states for H.,,(0) with negative energy is
1+2+4=1.

Next, Theorem 1 ensures that for any K, the operator H., (K) possesses at least seven eigenvalues in (—oo, 0).
Since the rank of the perturbation operator V.5, (K) is at most seven, the min-max principle (see [42], page 85) dictates
that H,», (/) has at most seven isolated eigenvalues. Therefore, H.,, (K) must have precisely seven bound states in
(—00,0).

(ii) Suppose that v, A\, u > 12. The proof for Item (ii) is entirely analogous, relying on the corresponding assertions
for the zeros of the determinants lying in (8, +00). O

5. Conclusion

In conclusion, this article provides a comprehensive spectral analysis of the two-boson discrete Schrodinger operator
H,»,(K) with short-range interactions, including on-site (y), nearest-neighbor (), and next-nearest-neighbor (1) cou-
plings. The central outcome is the demonstration that the operator’s discrete spectrum exhibits a remarkable structural
stability under strong coupling conditions. Specifically, we have established sufficient conditions on the interaction pa-
rameters such that the operator possesses a total of seven bound states (eigenvalues), located either below (—oo,0) or
above (8, +-00) the essential spectrum, irrespective of the quasi-momentum K € T?.

Our results significantly advance the understanding of spectral properties in discrete few-body systems, particularly
concerning the influence of extended interaction ranges. Previous studies focusing on two-boson systems on a 2D lattice
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with interactions limited to on-site and nearest-neighbor sites [35] showed a maximum of only three eigenvalues. Further-
more, the recent work in [39], which considered a more general interaction profile similar to ours, provided only sufficient
conditions for the existence of at least two eigenvalues. In stark contrast, our work explicitly demonstrates that the full in-
clusion of next-nearest-neighbor coupling (u) is responsible for stabilizing and increasing the maximum possible number
of bound states to seven, providing easily verifiable criteria for this maximum count. This spectral richness highlights the
critical role of the interaction range in enhancing localization phenomena.

Despite these advancements, several challenges remain. While we established sufficient and easily verifiable condi-
tions for the existence of seven eigenvalues, we did not provide a definitive count or position of the discrete spectrum for
all possible values of the interaction parameters. A complete mapping of the (v, A, u)-space into regions corresponding to
exactly n € {0,1,...,7} eigenvalues is a complex, unsolved problem that requires further computational and analytical
methods.

Another significant challenge lies in extending this analysis to the three-boson lattice system, where the increase in
the number of degrees of freedom and the complexity of the fiber Hamiltonian make the spectral analysis significantly
harder. Future research will focus on employing advanced numerical techniques to fully map the spectral regions and
exploring potential applications of these multi-bound states in quantum information processing.

References

[1] Mattis D. The few-body problem on a lattice. Rev. Mod. Phys., 1986, 58, P. 361-379.
[2] Albeverio S., Lakaev S.N., Makarov K.A., Muminov Z.I. The Threshold Effects for the Two-particle Hamiltonians on Lattices. Comm. Math.
Phys., 2006, 262, P. 91-115.
[3] Bach V., W. de Siqueira Pedra, Lakaev S.N. Bounds on the discrete spectrum of lattice Schrodinger operators. J. Math. Phys., 2017, 59(2),
P. 022109.
[4] Faria Da Veiga P.A., Ioriatti L., O’Carroll M. Energy-momentum spectrum of some two-particle lattice Schrodinger Hamiltonians. Phys. Rev. E,
2002, 66, P. 016130.
[5] Hiroshima F., Muminov Z., Kuljanov U. Threshold of discrete Schrodinger operators with delta-potentials on /N-dimensional lattice. Lin. Multilin.
Algebra, 2020, 70, P. 919-954.
[6] Lakaev S.N., Ozdemir E. The existence and location of eigenvalues of the one particle Hamiltonians on lattices. Hacettepe J. Math. Stat., 2016,
45, P. 1693-1703.
[7] Kurbanov Sh.Kh., Dustov S.T. Puiseux Series Expansion for Eigenvalue of the Generalized Friedrichs Model with the Perturbation of Rank One.
Lobachevskii Journal of Mathematics, 2022, 4, P. 1365-1372.
[8] Muminov M.I., Khurramov A.M., Bozorov ILN. On eigenvalues and virtual levels of a two-particle Hamiltonian on a d-dimensional lattice.
Nanosystems: Phys. Chem. Math., 2023, 14(3), P. 295-303.
[9] Kurbanov S.K., Abduvayitov S.S. The Discrete Spectrum of the Generalized Friedrichs Model with a Rank-Two Perturbation. Lobachevskii Journal
of Mathematics, 2025, 46, P. 713-723.
[10] Faddeev L.D., Merkuriev S.P. Quantum Scattering Theory for Several Particle Systems. Doderecht: Kluwer Academic Publishers, 1993.
[11] Teschl G. Jacobi Operators and Completely Integrable Nonlinear Lattices, Providence, AMS, 2000.
[12] Yafaev D.R. A point interaction for the discrete Schrodinger operator and generalized Chebyshev polynomials. J. Math. Phys., 2017, 58, P. 063511.
[13] Bagmutov A.S., Popov 1.Y. Window-coupled nanolayers: window shape influence on one-particle and two-particle eigenstates. Nanosystems:
Phys. Chem. Math., 2020, 11(6), P. 636-641.
[14] Winkler K., Thalhammer G., Lang F., Grimm R., Denschlag J.H.,Daley A.J., Kantian A., Biichler H.P., Zoller P. Repulsively bound atom pairs in
an optical lattice. Nature, 2006, 441, P. 853-856.
[15] Bloch I. Ultracold quantum gases in optical lattices. Nat. Phys., 2005, 1, P. 23-30.
[16] Jaksch D., Bruder C., Cirac J., Gardiner C.W., Zoller P. Cold bosonic atoms in optical lattices. Phys. Rev. Lett., 1998, 81, P. 3108-3111.
[17] Jaksch D., Zoller P. The cold atom Hubbard toolbox. Ann. Phys., 2005, 315, P. 52-79.
[18] Lewenstein M., Sanpera A., Ahufinger V. Ultracold Atoms in Optical Lattices: Simulating Quantum Many-body Systems. Oxford University Press,
Oxford, 2012.
[19] Hofstetter W., et al. High-temperature superfluidity of fermionic atoms in optical lattices. Phys. Rev. Lett., 2002, 89, P. 220407.
[20] Efimov V.N. Weakly bound states of three resonantly interacting particles. Yad. Fiz., 1970, 12, P. 1080 [Sov. J. Nucl. Phys., 1970, 12, P. 589].
[21] Ovchinnikov Y.N., Sigal I.N. Number of bound states of three-body systems and Efimov’s effect. Ann. Phys., 1979, 123(2), P. 274-295.
[22] Sobolev A.V. The Efimov effect. Discrete spectrum asymptotics. Commun. Math. Phys., 1993, 156(1), P. 101-126.
[23] Tamura H. The Efimov effect of three-body Schrodinger operators. J. Funct. Anal., 1991, 95(2), P. 433—459.
[24] Yafaev D.R. On the theory of the discrete spectrum of the three-particle Schrodinger operator. Mat. Sb., 1974, 94(136), P. 567-593.
[25] Lakaev S.N. The Efimov’s effect of the three identical quantum particle on a lattice. Funct. Anal. Appl., 1993, 27, P. 15-28.
[26] Dell’ Antonio G., Muminov Z.I., Shermatova Y.M. On the number of eigenvalues of a model operator related to a system of three particles on
lattices. J. Phys. A, 2011, 44, P. 315302.
[27] Naidon P., Endo S. Efimov physics: A review. Rep. Prog. Phys., 2017, 80, P. 056001.
[28] Motovilov A.K., Sandhas W., Belyaev V.B. Perturbation of a lattice spectral band by a nearby resonance. J. Math. Phys., 2001, 42, P. 2490-2506.
[29] Reed M., Simon B. Methods of Modern Mathematical Physics. I1I: Scattering Theory. Academic Press, N.Y., (1978).
[30] Boltaev A.T., Almuratov .M. The Existence and Asymptotics of Eigenvalues of Schrodinger Operator on Two Dimensional Lattices. Lobachevskii
Journal of Mathematics, 2022, 43, P. 3460-3470.
[31] Muminov Z.I., Aktamova V.U. The point spectrum of the three-particle Schrodinger operator for a system comprising two identical bosons and
one fermion on Z. Nanosystems: Phys. Chem. Math., 2024, 15(4), P. 438-447.
[32] Alladustov S.U., Hiroshima F., Muminov Z.I. On the Spectrum of the Discrete Schrodinger Operator of a Rank-Two Perturbation on. Lobachevskii
Journal of Mathematics, 2024, 45, P. 4874-4887.
[33] Akhmadova M.O., Azizova M.A. Spectral analysis of two-particle Hamiltonians with short-range interactions. Nanosystems: Phys. Chem. Math.,
2025, 16(5), P. 577-585.



748 S. N. Lakaev, D. A, Latipova, M. O, Akhmadova

[34] Abdullaev J.I., Khalkhuzhaev A.M., Usmonov L.S. Monotonicity of the eigenvalues of the two-particle Schrodinger operator on a lattice. Nanosys-
tems: Phys. Chem. Math., 2021, 12(6), P. 657-663.

[35] Lakaev S.N., Kholmatov Sh.Y., Khamidov Sh.I. Bose-Hubbard model with on-site and nearest-neighbor interactions; exactly solvable case. J.
Phys. A: Math. Theor., 2021, 54, P. 245201.

[36] Lakaev S.N., Akhmadova M.O. The Number and location of eigenvalues for the two-particle Schrodinger operators on lattices. Complex Analysis
and Operator Theory, 2023, 17.

[37] Akhmadova M.O., Alladustova I.U., Lakaev S.N. On the Number and Locations of Eigenvalues of the Discrete Schrodinger Operator on a Lattice.
Lobachevskii Journal of Mathematics, 2023, 44, P. 1091-1099.

[38] Lakaev S.N., Motovilov A.K., Abdukhakimov S.Kh. Two-fermion lattice Hamiltonian with first and second nearest-neighboring-site interactions.
J. Phys. A: Math. Theor., 2023, 56, P. 315202.

[39] Lakaev S.N., Khamidov Sh.I., Akhmadova M.O. Number of bound states of the Hamiltonian of a lattice two-boson system with interactions up to
the next neighbouring sites. Lobachevskii Journal of Mathematics, 2024, 45(12), P. 6409-6420.

[40] Albeverio S., Gesztesy F., Hgegh-Krohn R., Holden H. Solvable Models in Quantum Mechanics. Springer, Berlin, 1988.

[41] Lippmann B.A., Schwinger J. Variational principles for scattering processes. I. Phys. Rev., 1950, 79, P. 469.

[42] Reed M., Simon B. Methods of Modern Mathematical Physics: Analysis of operators. Vol. IV. Academic Press, NY, 1978.

Submitted 13 October 2025, revised 9 November 2025; accepted 13 November 2025

Information about the authors:

Saidakhmat N. Lakaev — Samarkand State University, 140104, Samarkand, Uzbekistan; ORCID 0000-0003-4951-9340;
s.Jakaev@mail.ru

Dildora A. Latipova — Samarkand State Pedagogical Institute, 140104, Samarkand, Uzbekistan; ORCID 0009-0005-0159-
8002; ms.dlatipova@mail.ru

Mukhayyo O. Akhmadova — Samarkand State University, 140104, Samarkand, Uzbekistan; ORCID 0009-0000-9082-
5986; mukhayyo.akhmadova@mail.ru

Conflict of interest: the authors declare no conflict of interest.



NANOSYSTEMS: Khasanov J., et al. Nanosystems:

PHYSICS, CHEMISTRY, MATHEMATICS Phys. Chem. Math., 2025, 16 (6), 749-754.
http://nanojournal.ifmo.ru
Original article DOI 10.17586/2220-8054-2025-16-6-749-754

Mathematical modeling of industrial ammonia synthesis using nonlinear reaction-
diffusion equations
Jamshid Khasanov!¢, Sokhibjan Muminov??, Sarvar Iskandarov®<

!Urgench State Pedagogical Institute, 1A Gurlan str., Urgench 220100, Uzbekistan
2Mamun University, 2 Bolkhovuz Street, Khiva 220900, Uzbekistan
3Urgench State University named after Abu Rayhan Biruni, 14 Kh. Alimdjan str., Urgench 220100, Uzbekistan

%jamshid_2425@mail.ru, ®sokhibjan.muminov@gmail.com, “iskandarovsb1993@gmail.com

Corresponding author: Sokhibjan Muminov, sokhibjan.muminov@gmail.com

PACS 35K57, 35K65, 35B40, 80A30

ABSTRACT This study proposes a mathematical model for ammonia synthesis based on nonlinear reaction-
diffusion equations. The model integrates degenerate gas diffusion in the reactor with Haber-Bosch reaction
kinetics to explore efficiency and environmental sustainability. A theoretical analysis is conducted to establish
the existence and stability of global solutions for the underlying degenerate parabolic system. Numerical sim-
ulations were validated against industrial data from Navoiyazot facility in Uzbekistan, demonstrating 98.2% ac-
curacy in concentration profiles and outperforming constant-diffusivity models by 12—15% in low-concentration
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1. Introduction

Ammonia production through the Haber-Bosch process supplies over 150 million tons annually, sustaining nearly
half the world’s population through nitrogen fertilizers [1]. Despite its century-long success, the process remains energy-
intensive, operating at temperatures exceeding 400°C and pressures above 200 atm—conditions that account for approxi-
mately 1-2% of global energy consumption [2]. Reactor optimization through accurate mathematical modeling has thus
become essential, particularly for capturing the complex transport and reaction phenomena within catalytic packed beds.

The kinetic foundations were established by Temkin and Pyzhev [1], whose power-law rate expression remains widely
used. Nielsen [3] later synthesized decades of catalyst research, while recent work has focused on refined kinetic models
across broader operating ranges [4] and entropy-minimization approaches to reactor design [5]. However, reactor per-
formance depends equally on transport phenomena. Classical models typically assume constant diffusion coefficients,
yet experimental evidence suggests that diffusion becomes strongly concentration-dependent under synthesis conditions,
potentially vanishing at low concentrations—a phenomenon termed degenerate diffusion.

Rigorous mathematical treatment of degenerate parabolic equations has advanced considerably. Fragnelli and Mug-
nai [6] established Carleman estimates enabling controllability results even when diffusion vanishes, while Boutaayamou
et al. [7] extended these to interior degeneracy with Neumann boundary conditions relevant to catalytic reactor walls. Er-
hardt [8] addressed weak solution existence for cross-diffusion systems, and Camasta and Fragnelli [9] provided compre-
hensive analysis of fourth-order degenerate equations. These frameworks enable treatment of strongly nonlinear diffusion
with mathematical rigor.

Reaction-diffusion models with degenerate operators have found diverse applications beyond chemical engineering.
In nanosystems, Topayev et al. [10] applied the Keller-Rubinow model to Liesegang ring formation, demonstrating how
degenerate diffusion captures pattern formation in nanostructured materials. Maksimova et al. [11] employed similar
frameworks for colloidal-chemical transformations during ammonia complex decomposition, while Borisov et al. [12]
used coupled reaction-diffusion equations to model structural changes in La-Co catalysts for ammonia decomposition.
These studies illustrate the broad applicability of degenerate diffusion models across scales—from nanoscale colloidal
systems to macroscale catalytic processes. However, unlike these works which focus on decomposition or nanostructure
formation, our study addresses the forward synthesis reaction in industrial-scale packed bed reactors, where transport
limitations and reaction kinetics interact differently.

© Khasanov J., Muminov S., Iskandarov S., 2025
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Despite parallel advances in kinetics and degenerate parabolic theory, their integration in ammonia synthesis mod-
eling remains uncommon. Most simulations neglect concentration-dependent diffusion or employ regularization that
may obscure physical behavior near degeneracy. Furthermore, while numerical methods for degenerate equations have
matured [6,7, 14], their performance under industrial conditions—stiff reaction terms, sharp gradients, extended domains—
requires careful examination.

This work addresses these gaps by coupling degenerate diffusion with Temkin-Pyzhev kinetics for ammonia syn-
thesis. We employ a concentration-dependent diffusion coefficient D(u) = u” with ¢ > 1, reflecting transport sup-
pression as reactant concentrations diminish in downstream catalyst regions. Neumann boundary conditions represent
impermeable reactor walls [13]. The resulting degenerate parabolic equation is solved via implicit finite difference with
a sweeping method handling both degeneracy and nonlinear reaction. Critically, we validate against operational data
from Navoiyazot facility in Uzbekistan, demonstrating that degenerate diffusion yields more accurate predictions than
constant-diffusivity models, particularly in low-concentration regions where transport limitations dominate. Our approach
builds upon Aripov’s foundations for nonlinear degenerate equations [ 14] and extends recent work on cross-diffusion sys-
tems [15—17] to industrial catalytic synthesis.

2. Mathematical formulation and governing equations

We consider the following nonlinear parabolic system defined in the domain @ = {(¢,z) : t > 0, z € R}:

ou 0 ou
_ o a1, B
5 Dlax <u (%) + aqu*o?t, t>0,z € (0,L), N
ov 0 ov
_ o _ az, B2
ot D28m (U 8x> agu®?v?, ¢t >0,z € (0,L).

The system is considered with the initial and boundary conditions:

u(z,0) = up(x), wv(x,0)=wve(x), =€ (0,L),

ou ou
gx(oat) = gx(L,t) =0, t>0, 2
v v

Here, uo(z) and vo(x) are bounded and continuous functions. In the model, u(¢, ) and v(t, z) denote the hydrogen
and nitrogen concentrations [mol/m?], depending on time ¢ [s] and spatial coordinate x [m], within a reactor of length
L [m]. The coefficients D; and D, represent the diffusion coefficients of hydrogen and nitrogen [m?/s], while o char-
acterizes the degree of nonlinear diffusion. The parameters a; and ao are reaction rate constants, and «;, 31 indicate
reaction orders. The coefficients a, and 2 correspond to kinetic constants of the ammonia synthesis process. The initial
distributions ug(x) and vo(z) describe the hydrogen and nitrogen concentrations at ¢ = 0.

Therefore, the solution of problem (1)—(2) is considered in the framework of weak solutions.

Definition 1. A pair (u,v) is called a weak solution of the system (1)—(2) if, for all ,v € C°(Qr), the following
equalities hold:

/ [ucpt + Diuugp, — alualvﬁlap] dxdt =0, 3)

T

/ [m/)t + Dovvtp, + azuo‘zvﬂ"’w] dxdt =0, 4
T
provided that uu,, v v, € LQ(QT) and u,v > 0.

3. Results and discussion
3.1. Construction of a system of self-similar equations

We seek the solution of problem (1)—(2) in the following self-similar form [14—18]:

{u(t, x) = a(t) wi(7(t), x),
o(t,x) = 0(t) wa(7(t), 2),

&)

where the scaling functions @(t) and ©(¢) are assumed to have the power-law dependence
a(t) = A (T + )", o(t) = A (T + )",

and 7(t) is a time-scaling variable to be determined later.
Substituting the transformation (5) into system (1) and assuming that

o1 + 1 = ag + Ba,
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we obtain the following system of equations:

dwi _ ) 0 (o) (e
6T_D3x(w18x>+7'(w1w2 wl)’

6
éaawz_DEwaawg _@(w w +w> ()
Ag or oz \ ? 0z T 2 2
where the constants are defined as
(T +t)mot! 1 1
7(*) Yoo 4+1 " l—a1—B1 1—as—f]
ai A9~ A8 a0 A2 T AP2—o—1
= L2 gy = 2 2
no+1 no+1
Assuming self-similarity of the form
T
“AE©, wa=h. €= Q
T
we obtain the following system of ordinary differential equations:
df1 f df1 ( )
= 1 — = 0
®)

df2 5 1 {Tdfz az pP2 _
g<f2 5) H(3) &) -

The solution of the self-similar system (8) can be expressed in the following form:

A =Bi(b—€HY7, o €) = Ba(b— €M)V, 9)

where B; > 0 and By > 0 are constants determined from boundary and normalization conditions.

The main difficulty in numerically solving problems (1)—(2) arises from the non-uniqueness of solutions. The choice
of initial approximations plays a crucial role in the convergence of the computational process. To obtain a stable solution,
we employ the sweeping (iteration) method, implemented as follows.

3.2. Numerical scheme and visualization

An implicit finite-difference scheme with a sweeping iteration method was employed to solve the discretized system
(1)-(2). The nonlinear diffusion terms were approximated using averaged concentrations at half-grid points to ensure
stability for ¢ > 1. Iterations were terminated when the maximum change in solution fell below ¢ = 1076, Self-similar
initial profiles (9) reduced the iteration count by 60-70%, significantly accelerating convergence. The scheme satisfied
the discrete maximum principle and conserved mass within 10~% relative error.

The numerical results were obtained and visualized using the Python programming language. By varying the system
parameters, we investigated the temporal evolution of the functions u(z, t) and v(z, t) (Fig. 1).

The results demonstrate that a self-similar initial condition significantly accelerates the convergence of the sweep-
ing method while preserving the physical consistency of the solution. The concentration profiles exhibit characteristic

le—d u(x,t=500s) Jg lem3 v(x,t=5005s)

6_

3.0
54

2.5 A

T 2.0

1.5

u (concentration)
w
) ) |
v (concentration)

1.01

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
x [m] x [m]

FIG. 1. Evolution of concentration profiles u(x,t) and v(z,t) at ¢ = 500 s. The top panel shows
hydrogen concentration u(x,t), while the bottom panel displays nitrogen concentration v(x,t). The
self-similar nature of the solutions is evident from the smooth, symmetric profiles that develop from the
initial conditions
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diffusion-reaction behavior with maximum values in the central reaction zone, consistent with industrial ammonia syn-
thesis reactors.

Effect of reaction rate a; (u profile)

0.0008 A
— a;=5.0x10"%
0.0007 4 a;=1.0x10"7
— = -7
0.0006 - a=2.0x10
0.0005 A
2
45 0.0004 -
X
> 0.0003 A
0.0002 -
0.0001 4
0.0000 A
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

x[m]

FIG. 2. Effect of reaction rate constant a; on hydrogen concentration profile u(z, t finq). Variation in
aq significantly influences the peak concentration and distribution width of hydrogen across the reactor
domain

Effect of reaction rate a, (v profile)

— a,=5.0x10"%
a;=1.0x10"7
— a,=2.0x10"7

0.004
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0.001 4

0.000 -
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x [m]

FIG. 3. Effect of reaction rate constant as on nitrogen concentration profile v(x, ¢ finq1). Higher values
of ay accelerate nitrogen consumption, resulting in steeper concentration gradients and enhanced reac-
tion rates

3.3. Numerical results and industrial validation

To validate the developed mathematical model, simulations were carried out using the real parameters of the Navoiya-
zot industrial ammonia synthesis reactor. The comparison between the model predictions and industrial data is summa-
rized in Table 1.

TABLE 1. Comparison of simulation results with industrial data from the Navoiyazot reactor (2023)

Parameter Simulation | Navoiyazot (2023)
Conversion (%) 17.82 16-18

NHj; yield (mol/m) 318.4 310-330
Reaction zone Central Central

The close agreement between simulated and industrial data confirms that the proposed reaction—diffusion model
provides a realistic description of the ammonia synthesis process under industrial operating conditions.

The numerical simulations demonstrate that the proposed nonlinear reaction—diffusion model with degenerate dif-
fusion accurately captures the spatial and temporal dynamics of ammonia synthesis under realistic operating conditions.
The diffusion coefficients D, and D5 primarily govern the mass transport rate, while the nonlinear diffusion terms u”
and v7 describe the degeneracy effects observed at low concentrations of reactants. Such nonlinear transport behavior is
characteristic of catalytic reactors where diffusion resistance becomes the rate-limiting factor in conversion efficiency.
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TABLE 2. Comparative summary of recent ammonia synthesis reactor models

Study [ Kinetic model [ Diffusion treatment Operating conditions [ Validation & Key results
Nadiri et al. (2024) [4] | Temkin with « = 0.5— | Constant diffusion coefficient; no | T: 548-773 K Validated on FezOy4 catalyst; >20% de-
0.75 vs. microkinetic concentration dependence P: 90 bar viation at 548 K; excellent agreement at
H2:No =1:1t04:1 648 K; highlights T-dependent limitations
Cholewa et al. (2024) | Extended Temkin: Thiele modulus-based effectiveness | T: 350-450°C Axially resolved measurements; RMSE <
[19] r = | factor; constant D assumption P: 10-80 bar 0.6% for NHs mole fraction; 20-30% im-
kof(pi) Fe & Ru/CeO2 provement over standard Temkin equation

1+ Kipnug + Kopu,
Zecevic (2025) [20] Temkin-Pyzhev with: Fickian diffusion: Particle: d,, = 0.6-9.0 mm Predicts rn, with error < 0.8% for large
~(dyp): poisoning n(dy) = tanh(¢) Lifetime: 2-5 years particles; quantifies reduction-induced de-
p) = ———=

af(t): aging factor activation; no industrial reactor validation

where ¢ = Thiele modulus

Burdyny et al. (2025) | Temkin kinetics with en- | Not explicitly specified; focus on | Tubular reactor with vari- | Theoretical optimization study; entropy

tropy production minimiza- | reactor geometry optimization able cross-section minimization framework; no experimental

tion validation reported
This study Temkin-Pyzhev: Degenerate diffusion: T: 400-450°C Validated with Navoiyazot plant (Unit
(2025) r=k(T)x D(u) = u’ P: 200-300 bar A-15) operational data; 98.2% accuracy
f(ony, PH, pNH3) oc=1.5 Industrial scale in concentration profiles; outperforms
Neumann BC constant-D models by 12-15% in low-

concentration regions

A detailed parametric analysis revealed that the reaction rate constants a; and as have a dominant influence on the
evolution of concentration profiles. An increase in as accelerates nitrogen consumption, resulting in a steeper gradient
of v(x,t) (see Fig. 3), whereas higher values of D; lead to smoother u(z,t) distributions, indicating enhanced hydrogen
transport (Fig. 2). These observations are in strong agreement with experimental data from industrial ammonia reactors,
confirming the model’s physical realism.

The implicit difference scheme combined with the iterative sweeping algorithm ensured numerical stability and con-
vergence for all parameter sets tested. When initialized with self-similar profiles derived from the automodel system (8),
the iteration count required for convergence was significantly reduced. This demonstrates that the analytical self-similar
transformation not only provides theoretical insight but also enhances computational efficiency.

3.4. Comparison with related models

Table 2 provides a comparative summary between the present work and several well-established nonlinear diffusion
models from the literature.

As seen in Table 2, previous studies primarily addressed general nonlinear diffusion or ecological models, without
coupling to physical reaction kinetics or industrial-scale validation. In contrast, the present work integrates a degenerate
diffusion mechanism with nonlinear reaction kinetics derived from the Haber—Bosch process and validates the outcomes
against real reactor data. This establishes the model as both physically grounded and computationally robust for future
process optimization and scale-up analyses.

4. Conclusion

A nonlinear reaction—diffusion model describing hydrogen—nitrogen interaction during ammonia synthesis has been
analyzed. The model incorporates degenerate diffusion and nonlinear reaction kinetics, and its weak formulation ensures
well-posedness even in regions where classical solutions do not exist.

An implicit finite-difference scheme combined with the sweeping iteration method was implemented for numerical
simulation. The self-similar form of the initial condition significantly accelerated convergence and improved numerical
stability. Simulation results showed excellent agreement with real industrial data from the Navoiyazot ammonia synthesis
reactor (conversion rate 17.82%, yield 318.4 mol/m, model error 0.82%).

The developed approach can serve as a predictive tool for optimizing reactor design and operational parameters in
catalytic synthesis processes. Future research will focus on extending the model to two- and three-dimensional domains,
incorporating temperature dependence, and coupling the reaction—diffusion equations with catalyst deactivation kinetics.
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ABSTRACT Precise nanopatterning of thin films is an important task in production of modern optoelectronics
and photonics elements. Direct recording of laser-induced periodic surface structures (LIPSS) is a promis-
ing tool for direct subwavelength nanopatterning. Recent studies show that the dynamics of LIPSS formation
changes significantly if the film is relatively thin. Here we present a comprehensive analytical model aiming to
bridge the gap between the expected dynamics of electromagnetic fields during LIPSS formation and exper-
imentally obtainable nanopatterning results. The phenomenological model of surface electromagnetic wave
(SEW) propagation at the film—substrate interface illustrates the mechanism of LIPSS formation using a peri-
odic distribution of SEW energy concentration. SEW features are calculated depending on metal film thickness,
and positive feedback between the local thickness of the growing oxide layer and the SEW energy concentra-
tion is unveiled. Changes in LIPPS formation mechanisms are confirmed experimentally on titanium films with
different thickness. These findings shed light on the intrinsic physical mechanisms of LIPSS formation on thin
metal films and ease the possibilities for LIPPS applications for nanopatterning.
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1. Introduction

Nanopatterning of thin films is an important task in production of modern optoelectronics and photonics elements [1].
Thin transparent coatings textured to get the regular nanogrid or mesh are used to enhance substrate optical properties [2],
regulate radiative cooling [3], or help with introducing the light into waveguide [4].

Controlled formation of laser-induced periodic surface structures (LIPSS) is a promising tool for direct subwavelength
nanopatterning, with numerous applications in sensing [5, 6], tribology [7], cell growth management [8], and protective
marking [9, 10]. LIPSS appear spontaneously on a wide range of the materials under a focused laser light as periodic
reliefs much narrower than the beam width, with periods A of about laser wavelength A or less. LIPSS appearance is
usually linked with the emergence of surface electromagnetic wave (SEW) scattering alongside the air-material interface
(which, as we will see later, is debatable in the case of LIPSS formation on thin films) [11]. SEW interference with initial
laser light modulates the temperature field that gets imprinted into the material as an ablative or oxidative pattern [12].
Concise classification of LIPSS distincts high-spatial frequency LIPSS (with periods A of A/2 and less) from low-spatial
frequency LIPSS (LSFL, A\/2 < A < ), with latter divided into LSFL-I (with grating vector k collinear with the
orientation of linear polarization plane E, typical for metal targets) and LSFL-II types (l; oriented in perpendicular to the
polarization, usual for the glasses and other non-metal substrates).

To the contrary of the expectations of LSFL-I formation on metal targets, some recent experimental studies [10,13-19]
show that dynamics of LIPSS formation changes significantly when the film is relatively thin and its thickness reaches the
value of 100 nm or less. Dostovalov et al. have shown in series of works [14, 17] the LIPSS formation with A = 677 —
700 nm both on 28 — 42 nm Cr and on 10 nm Hf films on BK7 glass substrates under the A = 1026 nm laser light.
Yang et al. [15] reported the LIPSS with A = 320 nm appearing on 20 nm Au films on ITO/glass substrates under
the 532 nm laser irradiation. In [10], the usage of 1064 nm Yb-fiber laser source for producing the 1D and 2D LIPSS
with A = 720 nm on 30 nm Ti films on quartz substrates was described in detail. Evidently, LIPSS period for thin
films is dependent on the substrate refractive index, which indicates that when film is thin enough, the substrate plays
a substantial role in distribution of the electromagnetic fields leading to LIPSS formation. There are few studies where
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experimental observations lead to the conclusions of the substrate influence [17,20], and even less studies explaining this
discrepancy [16,21]. Here we present a comprehensive analytical model aiming to bridge the gap between the expected
dynamics of electromagnetic fields during LIPSS formation and experimentally obtainable nanopatterning results.

2. [Experimental results
2.1. Materials and methods

Samples of thin Ti films of different thicknesses on 1 mm thick quartz glass substrate were used for studying the
critical film thickness for SEW formation on the film-substrate interface. Titanium films of 30, 60 and 80 nm thickness
were produced by thermal sputtering in vacuum. An Yb-fiber laser with a central wavelength A = 1064 nm, a pulse
duration from 4 ns to 200 ns and a maximum output power 20 W was used to create LIPSS (MiniMarker-2 setup, Laser
Center Ltd., St. Petersburg, Russia). A polarization control system was added to the optical path of the laser source: a
Glan-Taylor prism isolated the linear component of polarization, and a half-wave plate was used to control the rotation of
polarization. The laser spot size in the processing plane was d = 55 um. An optical microscope Carl Zeiss Axio Imager
Al.m (Carl Zeiss Microscopy GmbH, Munich, Germany) was used to visualize and assess LIPSS appearance. Period
Acxp and regularity AAq, were estimated by the two-dimensional fast Fourier transform method (2D-FFT) in the open
source Gwyddion software. The modeling of SEW dynamics was performed using Wolfram Mathematica software.

2.2. Patterning results

Based on the results of the experiments, we have found that the LIPSS type changed from LSFL-II to LSFL-I for
films thicker than 50 nm. As shown in Fig. 1(a), LIPSS on 30 nm film are formed in parallel to the polarization vector with
a period of 720 £ 20 nm, closely corresponding to ratio of laser wavelength over the substrate’s refractive index A/ngyp,
and can be classified as LSFL-II. Fig. 1 (b, c) shows the results of LIPSS formation on titanium films of 60 and 80 nm in
thickness as a reference. As seen, in the center of the processed area, where the energy density is maximal, the disordered
structures roughly with a period of 980 £ 150 nm (~ \) are formed, mostly in perpendicular to the polarization vector.
At the same time, LIPSS of the LSFL-II type exist at the periphery of the scanning track, similar to the structures seen in
Fig. 1(a). Processing regimes are as follows: the fluence is about 90 — 95 mJ/cm? for Fig. 1(a) and 360 — 450 mJ/cm? for
Fig. 1(b—c), pulse repetition rates is 35 kHz for Fig. 1(a) and 70 kHz for Fig. 1(b—c). The discrepancy in the processing
regimes is likely to be connected to the thermal stability of the films of different thicknesses, as the processing of 30 nm
films with higher fluences have led to the ablation and peeling of the film. From these results, we can conclude that the
thickness of 50 nm is not necessarily a threshold value, but rather the value for the detectable changes in the mechanisms
of LIPSS formation, as the substrate’s optical properties start to influence the process.

o
S —

FI1G. 1. Optical micrographs of LIPSS on Ti films with thicknesses of a) 30 nm, b) 60 nm, c¢) 80 nm.
Regions with LSFL-II are highlighted by a dashed line, with LSFL-I by a dash-dot line. The central axis
of the laser track coincides with the upper border of each image, scanning direction from left to right,

polarization plane is oriented vertically. The scale bar is the same for all the images. Corresponding 2D-
FFT spectra images are shown in the insets, borders of the spectra correspond to the spatial frequency

of 0.5 um ™1,
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3. Discussion
3.1. Expected period estimations

The classical dispersion relation for an interface between two media gives the following condition for surface elec-
tromagnetic waves (SEWs) excitation at the air-film interface [22]:

/ 6.Il
2., 2, ()
€1 €2
where &} is the real part and €/ is the imaginary part of the dielectric permittivities (i = 1,2). Index 1 corresponds to the
air medium (¢; = 1) while index 2 refers to the metal film. For the titanium film e5 = —4.0589 + 27.7827 [23], so the
condition (1) for the SEW formation is met. Therefore, we can calculate a SEW period A at the air-film interface by the
following formula [22]:

wr, F 1+ F: 2 2w
f= c 5 A= 5 2
where [ is the SEW wavenumber, wy, is the incident light angular frequency, c is the speed of light in vacuum, and F}
and Fy are the coefficients depending on € and €/ that can be found by simple equations given in [22]. The dielectric
permittivity €5 is taken constant since we consider the case of nanosecond laser irradiation with moderate intensities.

For laser wavelength A = 1064 nm the classical model predicts LIPSS period to be 1062 nm. Thus, LIPSS formed as
a result of laser radiation interference with SEWs at the air-film interface should have a period of about 0.998\, which is
common for bulk titanium. However, as shown in the Experimental section, the LIPSS period on optically thin titanium
films was proven to be significantly lower and cannot be explained by SEWs generation at the air-film interface. Moreover,
since the classical model regards SEW as a TM wave, it can only predict periods for LIPSS oriented perpendicular to the
laser light polarization. Hence, it is reasonable to assume that LIPSS are formed as a result of SEWs generated at the
film-substrate interface. Under this assumption we hereby present the model of LIPSS formation which explains the
experimental results obtained on thin films.

3.2. Phenomenological model description

In the multi-pulse mode, at the first stage of exposure (at the first hundreds or thousands of pulses), there is presumably
a rather large variety of SEWs formed on various inhomogeneities of the film surface and the film-substrate interface.
Afterwards due to the competition of SEWs (positive feedback between the amplitude and period of the wave and local
heating and oxidation of the film), a package of SEWs with similar characteristics is formed. As shown in experiments,
LIPSS on optically thin metal films are formed with a period of A = \/ng, which indicates that the structures are formed
under the influence of SEWs generated on the surface of the substrate. This is the basis of our phenomenological model.

Each of the SEW packet waves can be represented as a surface wave formed when radiation acts at each point of the
film surface, where the local thickness of the film and the local thickness of the oxide layer determine the local value of the
intensity of radiation that has passed into the substrate. The main cause of the formation of LIPSS during thermochemical
action on optically thin metal films is the unevenness of the absorption and transmission of the film due to a significant
difference in the optical properties of the original metal film and the developing oxide, distributed in the film according to
the period of the formed structures.

It is known that during the formation of SEW at the film-substrate interface under homogeneous conditions (in the
absence of gradients of various parameters of the film and the substrate), the SEW is not absorbed in the film, but is
distributed in the substrate as in a waveguide evenly across its thickness [24]. However, in our case of multi-pulse action
at the stage of LIPSS formation, there is a dependence of the film transmittance along the coordinate, and the conditions
for SEW formation become heterogeneous. This leads to a LIPSS formation with a period of A = \/ng, in a thin metal
film as a process based on a positive feedback between oxide thickness and SEW formation.

As film transmittance in the oxidized regions is higher than that in the non-oxidized regions, the amplitude of radiation
penetrating into the substrate depends on the thickness of the oxide layer formed during the previous laser pulses (Fig. 2).
We approximate the amplitude of the electric field vector that has passed into the substrate as follows:

E, = Eip(1 4 Bcos(ksz)), 3)
where E, is its value at medium intensity (for simplicity, the intensity distribution in the laser spot is taken as constant),
ks is the wave vector of the SEW, the x-axis is directed along the film-substrate interface, B is the SEW modulation
coefficient which depends on the ratio of the maximum and minimum laser intensities penetrating into the substrate (in
the areas of the LIPSS, where the thickness of the oxide layer reaches the maximum and minimum values, respectively).

Thus, a TE-type SEW packet is generated at the film-substrate interface. The amplitude of each wave is proportional
to the amplitude of the penetrating electromagnetic wave:

E, = E.o(1 + Bcos(ksx)) exp(i(ksx — wt) — x2), 4)
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F1G. 2. Modulation of SEW by laser oxidation of the thin metal film

where Eso is the vector of the amplitude of the SEW in the substrate at the average value of the transmitted wave intensity,
the z-axis is directed into the substrate, w is the frequency of the SEW, x is the SEW attenuation parameter.

The main characteristic of the SEW that determines its ability to modulate the heating and oxidation of the film is
value W proportional to its energy concentration:

1

W= 550n2\55|2. (5)
b= n20%E,
To determine IV, we substitute (4) into the wave equation V*E — — 2 0 which gives us the attenuation parameter
of the SEW:
2B cos(ksx)

X = ks (6)

1+ Becos(kst)

As a special case for B = 0 (plane wave), we obtain the value x = 0 which, as expected, corresponds to a plane wave not
modulated by film inhomogeneity, with W = 0.

1 -
The dependence of the relative energy concentration W' = W/ (560n2|E30|2) on the coordinate along the wave

vector for the time intervals of ¢ = n/w (n = 0, 1,2, ...) obtained by formulas (4-6), is shown in Fig. 3. A significant
increase in the concentration is observed near the points corresponding to the maximum thickness of the oxide = nA.

8.0

6.0

e B=0.1

— B=05
2.0}, .

0.0 0.2 0.4 0.6 0.8 1.0
xfA

FIG. 3. Distribution of relative energy concentration W’ along normalized coordinate for time values
wt =mn
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The change in the W' value over time at the point of maximum oxide thickness is shown in Fig. 4(a). The relative
energy concentration oscillates in time, its change is described by the cosine square function, the oscillation period is
7/w. Since the oscillations are fast enough to have an effect on the film, the physical meaning lies in the average value
of the relative energy concentration over time. It is equal to half of the maximum value W/, = 7B 1/2 (1+B )3/ 2, Thus,
in the maxima of the oxide layer, with an increase in the parameter B (from pulse to pulse), the SEW relative energy
concentration increases. Consequently, as the oxide thickness increases (when the film transmittance difference in the
LIPSS maxima and minima increases), the effect on the film at the oxide layer maximum increases, which contributes
to further oxide growth and positive opto-chemical feedback development. Full spatiotemporal dynamics of the relative
energy concentration W' along the coordinate and in time for different stages of the LIPSS formation process is shown in
Fig. 4(b—c).

1.0 i \\ \ \\§~* :

x/A

FIG. 4. (a) Dependence of the relative energy concentration W' at the point of maximal oxide layer
thickness (for 2:/A equal to 0 or 1) on the time wt for different values of the coefficient B. Dotted lines
show the average values. Full spatiotemporal dynamics of W’ on the coordinate /A and time wt at the
early stage (B = 0.1) (b) and late stage (B = 0.5) (c) of LIPSS formation. Hatched are the areas where
SEW propagates in the air.

An important characteristic of the LIPSS recording process is the thickness of the original film /. In particular, the
maximum value of the modulation coefficient Bi,.x, Which is achieved at complete (through) oxidation of the film at
points x = nA, depends on it. The value of By, determines the ratio G of the maximum II,,, and minimum IT,,;,, film
transmission at points z = nA and x = (n + 1/2)A:

Emz.ix — 1 + gmax . (7)
min — Pmax

Hence, Bpax = (G — 1)/(G + 1). The value of the coefficient G is determined based on the optical properties of a
metal film of a certain thickness and a completely oxidized film, taking into account the Pilling—-Bedworth ratio. The
thickness of the substrate layer I = 1/, in which the SEW is distributed, and its relative value at x = nA L = /A, under
conditions of a completely oxidized film at x = nA, i.e. B = Byax, is determined from equation (6):

G:

1 1 Bmax
L= oy

“ 27V 2B, ®
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The calculated dependencies of the main characteristics of the final stage of the LIPSS formation process on the film
thickness for titanium film on a quartz substrate [25] are shown in Fig. 5. It is evident that larger film thickness allows for
greater difference between film transmittance in oxide maxima II,,,x and minima II,,;,, and consequently greater By, ax
value. Moreover, this increase in SEW modulation leads to stronger SEW localization at the substrate surface in case of
full film oxidation at SEW maxima.

L O 6’ Bmax 07 HIHHX/ Hlllill
Ov5i 0.6»
I 05
0.4|
0.4]
0.3!
‘_ 0.3|
0.2/ ;
' 0.2
0.1] ‘
[ 0'1: Hmax/ Tlmin
10 20 30 40 50
h, nm

F1G. 5. Dependencies of the ratio of the fully oxidized and fully metallic film transmittance
Inax/Mimin, the maximum value of the modulation coefficient By« and the penetration depth of the
SEW into the substrate at z = nA relative to the period of the structure L = /A for complete oxidation
of the film at x = 0 on initial thickness of the metal film A. It is assumed that the optical characteristics
of the resulting oxide correspond to rutile (values taken from [26]).

3.3. Trigonometric solution

For a more complete understanding of the regularities of the process, let us expand this analytical investigation. The
values of the coordinate x and time ¢ that describe SEW propagation in the substrate can be determined taking into account
the relationship between the wave number and the period of the structure A = 27 /k;. This situation corresponds to the
real values of the x and positive values of the right side of equation (6):

cos(2rx/A) - (1 + tan(27x/A) tan(wt)) > 0. )
Transforming the expression (9) we obtain the areas on the diagram (Fig. 6(a)) depending on the signs of the quantities
cos(2mx/A), tan(2wxz/A) and 1+ tan(27xz/A) tan(wt), that correspond to the condition for the propagation of the SEW
in the substrate. Solid curves in the Fig. 6(a) correspond to function v = —1// and dashed curves correspond to function
v = 28/3 —1/(3p). For each area of the graph, the black icon indicates the quadrant in which 27z /A is located. For
example, the icon with the square in the upper right corner corresponds to values 27z /A € (0;7/2). In order to obtain the
characteristics of the SEW location in the actual coordinates (x, t), we transform the data from Fig. 6(a) to the coordinates
2wz /A, 7) first, taking into account the distribution by quadrants, and then to the coordinates (27 /A, wt). The results
are presented in Fig. 6(b). The graph shows one period in time and coordinate, which can be translated up and to the right,
respectively. The lines separating the areas of SEW location in the substrate are described by the following functions:

wt = —arctan(cot(2rx/A)) for cos(2mz/A) > 0, (10)
wt = — arctan (; cot(2rx/A) — ;tan(szr/A)> for cos(2mz/A) <0, (11)

where o = 272/ A. Nonlinear functions (10-11) can be given in general form as wt = arctan[(2/3) tana— (1/3) cot o,
or approximated by linear functions with an error less than 0.09. Main applicable dependencies including the time
durations of SEW localization in hotspots near the surface can be easily found from the relations given in the simplified
system (10-14).
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a) b)
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FIG. 6. (a) Areas in coordinates 5 = tan(2wz/A), v = tan(wt), corresponding to the SEW location in
the substrate. (b) Characteristics of the SEW location. Gray color indicates the areas of time-coordinate
values where the SEW locates in the substrate, white domains indicates values at which it goes up into
the air. Numbers in brackets in front of the curves correspond to the formulas in the text.

4. Conclusions

In this study, we theoretically and experimentally investigated the formation of LIPSS at optically thin films for the
case of the 30, 60 and 80 nm titanium films. We show that LIPSS formation on thin metal films cannot be covered by
conventional models, as the calculations predict the appearance of LSFL-I type structures with periods of about 0.998\
(1062 nm for our conditions), while our experimental results show the consistent formation of LSFL-II type structures
with periods of about 0.658\ — 0.695\ (720 £ 20 nm). To address this discrepancy, we have developed a fully analytical
model that describes the electric field dynamics considering the surface electromagnetic wave induced not on the air-film,
but on the film-substrate interface. The main results of the study are as follows:

1. In case of an optically small film thickness (comparable or less to the depth of laser radiation penetration into the
film), the conditions are created for the formation of SEW at the film—substrate interface. The thickness of the
film should ensure sufficient transmission of laser radiation into the substrate, comparable in magnitude with the
radiation absorbed in the film.

2. The main cause for the formation of LIPSS in the film due to the formation of SEW at the film—substrate interface
is the uneven transmittance of the film due to its local oxidation.

3. The period of LIPSS formed in the film as a result of the formation of SEW at the film-substrate interface depends
on the refractive index of the substrate material ng,, and, as follows from the experiments, is equal to A /ngyp.

4. The results of calculations based on the phenomenological model showed the existence of a positive feedback
between the local thickness of the oxide layer and the concentration of SEW energy within the areas of +0.12/A
from the modulated field maxima, which makes it possible for the oxide layer to grow further despite the bleaching
the Ti film during its oxidation.

5. Full spatiotemporal dynamics of SEW propagation in substrate can be described with the system of trigonometric
solutions, which can be further linearized with the margin of error less than 0.09. The derived analytical system
is instrumental for understanding the processes underlying the method of direct LIPSS-based nanopatterning of
thin films and could help in the selection of film thicknesses for the applications in photonics.
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ABSTRACT This paper analyzes the quantum capacitance properties of aluminum nitride nanosheets (AINNS)
with defects focusing on their potential use in supercapacitors. We validated the structural stability of the
primitive cell through cohesive energy calculations and phonon spectrum analysis. Our findings indicate that
monolayers containing aluminum (Al), nitrogen (N), or with Al-N deficiencies exhibit p-type/n-type or wide
bandgap semiconducting state. Calculations of defect formation energy indicate that N-deficient AINNS is the
least favorable option. The presence of under-coordinated atoms near the defect leads to the emergence of
new impurity state in the forbidden energy bad gap region. This prompted us for a detailed examination of
their quantum capacitance, which is heavily influenced by the density of states around the Fermi energy. Our
study reveals that Al-deficient AINNS achieves a maximum quantum capacitance (Cgwmax) 0f 690 uF/cm? in the
positively biased region, making it a suitable candidate for anodic material in supercapacitor applications. In
comparison, the nitrogen-deficient AINNS reaches a Cgmax 0f 313 F/cm? and a maximum surface charge ca-
pacity (Quax) of —91 1C/cm?, highlighting its potential as a cathodic material. The Al-N-deficient AINNS shows
intermediate behavior with prominent quantum capacitance peaks in both biased regions, offering additional
flexibility for potential applications.

KEYWORDS density functional theory, band structure, aluminium nitride nanosheet, quantum capacitance, sur-
face charge
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1. Introduction

The increasing demand for electronic devices and electric vehicles has created a need for efficient electrical energy
sources [1]. As environmental degradation continues, there is a heightened emphasis on eco-friendly energy solutions,
such as supercapacitors. Supercapacitors are beneficial not only because they are environmentally friendly, but also
due to their high energy and power densities, as well as their excellent charging and discharging capabilities [2, 3].
Researches [4-6] show that the total capacitance C' of a supercapacitor electrode is determined by the series combination
of two capacitances: the electric double-layer capacitance (Cgpr) and the quantum capacitance C¢, as represented in
equation (1):

1 1 n 1
C Cqo CepL

From equation (1), it is evident that materials possessing a low quantum capacitance will correspondingly show a
reduced total capacitance. Hence, the examining the quantum capacitance characteristics of supercapacitor electrode
materials is essential. On the other hand, among materials, the aluminum nitride (AIN) possesses a large band gap,
making it suitable for optoelectronic and modern electronic applications [7, 8]. At the nanoscale, AIN nanostructures
are relatively obscure in terms of experimental findings. However, a few works validate the existence of nanowires,
nanotubes, and nanosheets, although they remain in an early stage [9-15]. Among these nanostructures, the 2D nanosheet
with a honeycomb lattice structure has attracted significant research interest [16—19]. In this study, we rigorously explore
the impact of defects on the quantum capacitance of AIN nanosheets (AINNS). Before delving into quantum capacitance
(Cg) and the derived surface charge ()), we systematically investigate the structural stability and electronic properties of
the defected monolayer. The impurity states arising from the defects are expected to introduce new energy states within
the wide band gap of the AIN monolayer. These states are likely to play a vital role in describing C' of the nanosheet.
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2. Methodology

A 5 x 5 hexagonal supercell consisting of 25 aluminum (Al) and 25 nitrogen (N) atoms is considered as a pristine
AINNS (Fig. 1(a)). To avoid mirror image interactions, a large lattice vector of 20 A is selected along the Z-axis. Mono-
vacancy or divacancy are created by removing either single AI/N atom or by removing the nearest AI-N bond from the

thinned planar layer (Fig. 1(b,c,d)).
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FIG. 1. a) Pristine, b) Al-deficient, c¢) N-deficient and d) Al-N-deficient aluminum nitride nanosheet (AINNS)

The exchange-correlation functional used for structural optimization of both pristine and defective AINNS are based
on the Perdew, Burke, and Ernzerhof (PBE) [20] method in the frame of generalized gradient approximation (GGA). The
structures are integrated over the Brillouin zone using a 7 x 7 x 1 k-point Monkhorst—Pack [21] mesh, and a kinetic energy
cutoff of 450 eV is employed to ensure geometric accuracy. Valence electrons are modeled with a double-zeta polarization
(DZP) basis set, and conjugate gradient techniques are applied to achieve geometric perfection with residual forces below
0.05 eV/A. For core-valence interactions, the Troullier-Martins [22] norm-conserving pseudopotential is utilized. To
calculate electronic properties such as the band structure, density of states (DOS) spectra, Mulliken population analysis,
and electron difference density, a high-resolution Monkhorst-Pack grid of 17 x 17 x 1 is adopted. All calculations are
performed using Spanish Initiative for Electronic Simulations with Thousands of Atoms (SIESTA) quantum chemical

code [23,24].
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2.1. Quantum capacitance calculations

In MATLAB [25], the following mathematical expressions are used to compute the quantum capacitance (Cq) of
AINNS:

Cg = €? / D(E)Fr (E — e®g) dE. 2)
The density of states and thermal broadening are represented by D(E) and Fr(FE), respectively. E is the eigen-
energy, while e denotes the applied bias voltage and electronic charge value. Fr-(F) is expressed using a specific relation:

Fr(E) = (4kpT)~'Sech®(E/2kpT), 3)

where kp denotes Boltzmann’s constant and the standard room temperature is set at 7' = 300 K, it is important to note
that an excess charge emerges when the chemical potential (p1r) is shifted by e®. This parameter can be accurately
calculated using the provided expression:

Q= [ DBHE) - £(E - coc)dE. )

Here f(F) denotes the Fermi—Dirac distribution function, with E representing the relative energy in relation to the Fermi
level, Eg.

3. Results and discussion
3.1. Structural and electronic analysis

We initiated our investigation with a primitive hexagonal cell of aluminum nitride (AIN) with a lattice constant of
3.16 A, a parameter selected based on previous research findings (Fig. S1) [26]. A systematic energy versus lattice
constant analysis was conducted to determine the optimal configuration (Fig. S2). This analysis revealed an energy
minimum at a lattice constant of 3.10 A, which was subsequently used for further relaxation procedures. The primitive
cell, consisting of one aluminum (Al) and one nitrogen (N) atom, was relaxed to achieve its ground state configuration,
resulting in an AI-N bond length of 1.82 A. The stability of this configuration was confirmed through phonon band
dispersion calculations, which showed no imaginary frequencies (Fig. 2(a)). In comparison, the cohesive energy of bulk
AIN in the wurtzite phase is —6.01 eV, while that of AIN nanosheet in our calculations is —5.08 eV. This suggests that
the freestanding monolayer has low stability compared to bulk wurtzite-AIN. This primitive configuration has an indirect
electronic bandgap of 2.92 eV, with the valence band maxima (VBM) and conduction band minima (CBM) located at the
K and I points, respectively (Fig. 2(b)). A 5 x 5 AINNS supercell is generated from the primitive cell and is subsequently
relaxed using the DFT framework discussed in the methodology section. Fig. S3 illustrates the electronic band structure
of the supercell, which exhibits an indirect bandgap of 2.93 eV. When an aluminium (Al) vacancy was introduced into the
AINNS, significant structural modifications were observed in the vicinity of the defect site. The ground state configuration
exhibited local distortion that slightly affected the planarity of the monolayer (Fig. 1(b)). The Al-N bonds associated with
under-coordinated N-atoms contracted by 0.40 A, resulting in a reduced bond length of 1.78 A.
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FIG. 2. a) Phonon spectra and b) electronic band structure of primitive AIN nanosheet (AINNS)

This structural reconfiguration can be attributed to electronic reorganization around the vacancy site. The three
nitrogen atoms adjacent to the vacancy site, each with one unbound electron in their 2p, state, undergo reorganization
into 2p,, 2p,, or 2p,, states. This electronic rearrangement stabilizes the distorted geometry through a mechanism known
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as pseudo Jahn-Teller distortion. To investigate the stability of AI/N or Al-N vacancy defects in AINNSs, we conduct
detailed calculations of the formation energy associated with these vacancy defects by the following formula:

EY(defected AINNS) = Ef, (defected AINNS) — Ero (AINNS) + fu(i). 6))

In this context, E%Ot (defected AINNS) represents the total energy of the supercell that contains vacancy defects in AINNSs,
while Em, (AINNS) denotes the total energy of the supercell without such defects. Additionally, 1(7) signifies the chemi-
cal potential of the removed atom i(Al/N/AI-N) within the AINNSs. The chemical potential of Al and N are calculated in
the frame of fcc-Al and N2 molecule. Calculations reveal Al-deficient and AI-N (divacant) configuration has ¢ of 12.22
and 11.63 eV which is relatively larger than /'y = 8.45 eV of N-deficient. Suggesting creating N-vacancy is energetically
relatively less favorable. The analysis of the electronic band structure (Fig. 3(a)) and density of states (PDOS) (Fig. 3(b))
in the Al-deficient configuration revealed the presence of impurity states above the valence band in the down-spin channel.
These impurity states primarily arise from the non-bonding electrons of the nitrogen atoms surrounding the vacancy. In
contrast, the up-spin channel maintained a wide bandgap, indicating that the aluminum-deficient AINNS configuration
behaves as a p-type semiconductor. Additionally, the structural puckering around the vacancy site led to a breaking of
degeneracy in the energy levels, particularly affecting the M to K region of the lower conduction band.
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FIG. 3. a) Electronic band structure and b) PDOS of Al-deficient AINNS

In contrast to the Al-deficient configuration, the N-deficient monolayer exhibited minimal structural deformation in
the vicinity of the vacancy. The primary structural change observed was a slight contraction of the nearest Al-Al distance
from 3.16 to 3.15 A at the vicinity of the defect (Fig. 1(c)). The electronic analysis indicated that the empty 2p. orbitals
in the under-coordinated aluminum atoms created an impurity state below the conduction band in the up-spin channel.
The electronic band structure and partial density of states (PDOS) analyses (shown in Fig. 4) confirmed that the nitrogen-
deficient configuration behaves as an n-type semiconductor.
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FIG. 4. a) Electronic band structures and b) PDOS of N-deficient AINNS

We further extended our investigation to include an Al-N divacancy, created by removing a nearest AI-N bond from
one of the hexagonal meshes of the AINNS. Geometrical analysis revealed significant structural modifications, particu-
larly in the nearest N-N bond length close to the divacancy site (Fig. 1(d)), which contracted substantially from 3.16 to
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2.88 A. This configuration features six electrons from two under-coordinated N atoms and empty Al-2p, orbitals from
two under-coordinated Al atoms. These electronic characteristics generate impurity states above and below the valence
band and the conduction band, respectively. The contributions from Al-2p, orbitals appear as electronic bands above the
valence state in the both up-spin and down-spin channels, while the nitrogen non-bonding electrons contribute to impurity
states below the conduction band. The electronic band structure and PDOS analyses (Fig. 5) confirm that the divacant con-
figuration maintains semiconducting behavior in the both up-spin and down-spin channels. The charge difference density
plots for Al-deficient, N-deficient, and Al-N deficient AINNS configurations are presented in Fig. S4. The charge disper-
sion analysis within the vicinity of the defected regions indicates that Al-deficient sites act as electrophilic centers, while
N-deficient sites function as nucleophilic centers. Interestingly, the Al-N deficient sites demonstrate a competitive fea-
ture, exhibiting both electrophilic and nucleophilic characteristics. This dual functionality of the divacancy configuration
suggests potential applications in biosensor development, where such sites could interact with a variety of biomolecules.
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FIG. 5. a) Electronic band structure and b) PDOS of Al-N-defected AINNS

3.2. Quantum Capacitance and surface charge

Pristine aluminum nitride nanosheets (AINNS) exhibit a wide bandgap of 2.93 eV, resulting in no available density
of states near the Fermi level. According to equation (2), this characteristic prevents quantum capacitance (Cg) from
being observed within the biased window region of —1.0 to 1.0 V. However, introducing defects creates impurity states
that dramatically alter the electronic structure and quantum capacitance properties of these materials. Fig. 6 demonstrates
the Cg and surface charge (Q)) spectra of the studied defected AINNS. The Al-deficient AIN monolayer demonstrates
remarkable quantum capacitance properties, primarily in the positive bias region. This defect configuration shows a
maximum quantum capacitance (Cgmax) of 690 pF/em? at 0.06 V (Fig. 6(a)), which is attributed to impurity states located
below the Fermi level, as evidenced by the band structure and density of states (DOS) plots. Additionally, a continuous
C¢q band is observed from 0.36 to 1.00 V, originating from states at the upper edge of the valence band. Surface charge
analysis of the Al-deficient system reveals low charge dispersion in the negative biased region, corresponding to the
observed low C¢ dispersion in this range. Following equation (4), the maximum surface charge in the positive biased
region reaches 357 uC/cm2 (Fig. 6(b)).
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These characteristics suggest that Al-deficient AINNS could serve as an effective anode material for supercapacitor
applications [27,28]. The N-deficient AIN monolayer exhibits a quantum capacitance pattern that differs substantially
from the Al-deficient variant. In this configuration, Cy peaks are predominantly localized in the negative biased region,
featuring values of 313 and 239 pF/cm?. These peaks primarily originate from impurity states introduced by Al-2p,
orbitals. The system also displays a low-valued continuous Cg spectrum extending from —0.5 to —1.00 V, which can
be attributed to the conduction band minima (CBM). This defected nanosheet has a Cgmax of —93 uC/ch, which is
reasonable for it to be a cathodic candidate for supercapacitor applications. The AI-N deficient AINNS exhibits a more
complex quantum capacitance spectrum with peaks distributed across both negative and positive biased regions, though
the dominant Cy peaks appear in the positive biased region. The peaks in the positive region primarily originate from
non-bonding electrons associated with nitrogen atoms, while peaks in the negative biased region stem from Al-2p, states
situated below the Fermi level. The most prominent C peaks for this divacant configuration reach 39 and 438 pF/em?
at 0.4 and 0.9 V, respectively, with a maximum surface charge (Comax) of 146 pClem? in the positive biased region.
This intermediate behavior between the Al-deficient and N-deficient systems offers additional flexibility for potential
applications. These calculated C peaks are larger than many earlier reports conducted on functionalized 2D surfaces,
specifically in the positively biased region [29, 30]. In Table 1, important descriptors associated with Al, N or AI-N
deficient AINNT are shown.

TABLE 1. Different calculated characteristics of mono-vacant and di-vacant AINNS

Formation Energy Maximum Quantum | Maximum Surface

Atomic Configuration energy | Bandgap (eV) | Capacitance (Comax) | Charge (Qmax)

Al-deficient AINNS 11.81 0.57 eV 690 pF/cm? 357 pClem?
N-deficient AINNS 11.16 Half-metallic 313 pF/em? —93 uC/cm?
Al-N-deficient AINNS 8.02 0.68 438 piF/cm? 146 pClem?

4. Conclusions

This study explores the structural and electronic properties of monovacant and divacant AINNS (Aluminum Nitride
Nanostructures). Formation energy calculations indicate that these structures are feasible. The band structure and density
of states (DOS) analyses show that impurity states play a significant role in describing the electronic characteristics of
these monolayers. In this context, N-deficient AINNS demonstrate a robust n-type semiconducting behavior, while Al-
deficient AINNS exhibit strong p-type characteristics. Furthermore, Al-N-deficient AINNS stand out as wide bandgap
semiconductors, showcasing the presence of both acceptor and donor energy levels. Among the different defects Al-
deficient AINNSs exhibits Cgmax of 690 pF/em? and Quax of 357 uC/em?. The nitrogen-defected AINNS demonstrates
excellent performance as a cathode material with a maximum quantum capacitance of 313 uF/cm? and a maximum charge
capacity of 91 ;C/cm?. In contrast, the aluminum-defected NS shows properties suitable for anode applications, with a
maximum quantum capacitance of 32 ;F/cm? and a maximum charge capacity of 23 C/cm?. The AI-N divacancy con-
figuration exhibits an intermediate behavior with prominent quantum capacitance peaks in both biased regions, offering
additional flexibility for potential applications. These findings establish defected AIN monolayers as promising electrode
materials for next-generation supercapacitors, with their performance characteristics being highly tunable through defect
engineering.
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ABSTRACT The features of the ion current dependence on distance when a glass nanopipette with an aperture
diameter of ~100 nm approaches the surface of a solid dielectric in a scanning ion conductivity microscope
have been studied. A characteristic peak in the approach curve has been observed when the electrode in the
nanopipette with an electrolyte is negatively biased relative to electrode in the bath, while a monotonic current
decline occurs with a positive bias. To explain this unusual behavior of the ion current, the model accounting
for the overlap of electric double layers and water confinement phenomenon in nanochannels and nanogaps
have been proposed. The model demonstrates good agreement with the experimental data and provides a
basis for quantitative assessment of surface charge at electrolyte—solid interfaces with nanometer-scale spatial
sensitivity.

KEYWORDS nanoscale water confinement, nanopore, peak-effect, Poisson—Nernst—Planck equations, surface
charge density
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1. Introduction

Scanning ion conductance microscopy (SICM) is a unique probe microscopy technique [1] that enables non-contact
imaging of the topography and local biophysical properties of living cells and soft biological objects in physiological
environments with nanometer spatial resolution [2, 3]. High-resolution studies of biological systems are also performed
using atomic force microscopy (AFM) [4, 5] or advanced optical microscopy techniques that overcome the diffraction
limit [6]. However, SICM has several advantages: it avoids the mechanical damage associated with AFM when probing
soft samples, and it is simpler than optical approaches, which require specific fluorescent labels and specialized optical
systems. Moreover, SICM inherently relies on ionic currents in liquid media — the very processes that govern cellular
function. Thanks to its high spatial and functional sensitivity, SICM has become a powerful tool in cell and molecular
biology, enabling studies of ion channel activity, microvilli distribution, cytoskeletal and membrane stiffness, and other
critical surface properties in real time [7-9].

The principle of SICM is based on measuring the ionic current flowing between a sample and a nanopipette probe with
an aperture diameter of ~100 nm during mechanical scanning. Far from the sample surface, at distances much larger than
the nanopore size, the nanopipette exhibits a saturation current (Ig,) that does not depend on the probe-sample separation.
The conventional explanation for current reduction near the surface is the geometrical blockage of the nanopore by the
sample. To maintain a nanometer-scale gap between the pipette and the surface, SICM employs a feedback control system.
Thus, the dependence of ionic current on distance underlies the imaging principle of SICM. Several operating modes exist:
constant-current mode [1], AC modulation modes with voltage or distance modulation [10], and the hopping mode [11],
in which the probe is sequentially approached and retracted at each scanning point.

For imaging samples with pronounced surface relief, the hopping mode provides superior image quality, though at
the expense of slower acquisition compared to DC or AC modes, which are effective only for relatively flat surfaces [12].
Typically, stable SICM operation is achieved by choosing a set-point current of ~ 99 —99.5 % of I, [1], corresponding to
approximately (0.5 — 2) nA at applied voltages of 0.1 — 1 V and noise levels of 1 — 10 pA. When using glass nanopipettes
in aqueous solutions, electrical double layers (EDLs) form at the pipette surface. For apertures less than 100 nm, these

EDLs overlap inside the nanopore, giving rise to nonlinear current-voltage (/-V') characteristics, known as ion current
© Lukashenko S.Yu., Gorbenko O.M., Felshtyn M.L., Sapozhnikov I.D., Pichakhchi S.V.,
Zhukov M. V., Golubok A.O., 2025
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rectification (ICR). This rectification is highly sensitive to volumetric charge and has been used, for example, in pH
sensing [13].

A similar phenomenon occurs when the nanopipette approaches a charged interface: the ionic current near the sample
surface increases beyond the reduction expected from simple geometric blockage. This effect is referred to as surface-
induced rectification [12]. The growing branch of I(z) in this case has been theoretically analyzed in detail [14]. However,
several studies [15, 16] reported an experimental peak in (z), that is, an increase in current to a maximum followed by a
monotonic decay. Reanalysis of I(V') data at different probe-sample distances in [17] also revealed a characteristic peak
when plotted as I(z). The origin of this peak remains debated: some authors [15] attributed it to “electroosmotic flow
separation”, but this explanation lacked quantitative support and was later shown to be negligible [18]. Notably, existing
theoretical models capture only the monotonic growth of I(z) with surface charge and distance, and fail to reproduce the
experimentally observed descending branch. Conventional reasoning attributes this decrease solely to nanopore blockage
by the sample. Yet, our experiments indicate that current reduction begins at surprisingly large probe—sample separations,
and our PNP-NS simulations reveal that current enhancement due to surface charge can outweigh the geometric blockage.

Thus, the physical origin of the extremum in the SICM approach curve I(z) remains unresolved. We refer to this
phenomenon as the “peak effect,” which is of interest from both a fundamental and applied perspective. On the one hand,
studying the peak effect provides new insight into ionic transport mechanisms in microfluidic systems under nanoscale
water confinement. On the other hand, the existence of such extrema must be considered in practice, since peaks in I(z)
can compromise the stability of SICM feedback control. At the same time, the peak effect can also be exploited for
quantitative measurements, for instance, in probing surface charge densities at liquid—solid interfaces with SICM.

The aim of this work is to investigate the SICM peak effect experimentally and to develop an adequate theoretical
model that incorporates the influence of nanoscale water confinement.

2. Experiment

Experimental measurements were performed using a custom-built SICM setup. Nanocapillaries were fabricated from
borosilicate glass capillaries BF-100-69 (Shutter Instruments, USA) using a PMP-107 puller (Micro Data Instruments,
Inc., USA) by the method of thermal pulling and breaking of glass microcapillaries with outer and inner diameters of
1.2 and 0.69 mm, respectively. The characterization procedure for nanopipettes has been described elsewhere [19]. The
cone angle of the nanocapillary tip was about 3°, and the nanopore diameter at the apex was approximately 100 nm.
The average ion current rectification (ICR) factor was about 1.15. Approach curves were measured on polystyrene and
on cover glass substrates etched in a 10 % NaOH solution at 250 °C. Samples were fixed at the bottom of a Petri dish
filled with 1x PBS, the same electrolyte used to fill the nanopipettes. Ag/AgCl electrodes were prepared from 300 um
silver wires chloritized according to [20]. A potential bias from 0 to &1 V was applied to the electrode inside the glass
nanopipette. To minimize mechanical vibrations, acoustic noise, and electromagnetic interference, the setup was mounted
on an active vibration-isolation table and enclosed within a Faraday cage. A schematic of the experimental setup is shown
in Fig. 1.

Faraday cage

Ag/AgCl Nanopipette

electrodes

Controller

~{anc H

2

XYZ-Scanner 3
Approach system '

Vibration isolation

FI1G. 1. Schematic diagram of the SICM experimental setup. 1 — current-to-voltage converter, 2 —
signals generator, 3 — high-voltage amplifier

For each sample, the ionic current was recorded as a function of the pipette-sample separation at randomly selected
surface points. At positive potentials applied to the nanopipette electrode, the approach curves I(z) showed a monotonic
decrease in current upon approaching the surface. A representative example measured on etched cover glass is shown in
Fig. 2(a), and for polystyrene in Fig. 3(a, curve 1).

In contrast, at negative pipette biases, the I(z) curves exhibited a pronounced peak, as illustrated in Fig. 2(b) and
Fig. 3(b, curve 1). SICM images of the same etched glass region, acquired in hopping mode at opposite bias polarities,
are shown in Fig. 2(c) and Fig. 2(d). The set-point currents used for imaging are indicated by circles on the I(z) curves.
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FIG. 2. Approach curves and SICM images for NaOH-etched cover glass. (a, b) I(z) curves at
4300 mV and —300 mV pipette potentials; (c, d) SICM images of the same sample fragment ob-
tained at positive and negative pipette biases, respectively

Notably, in the case of polystyrene, approach curves with peaks were observed in ~60 % of randomly selected surface
locations, whereas for etched glass, the peak effect was consistently observed at all locations. The peak heights also varied
across different positions on the same sample. Importantly, no peaks were ever observed at positive pipette biases. We
refer to the emergence of a peak in the I(z) dependence upon approaching the sample surface as the “peak effect.”

3. Modeling

To calculate the approach curves I(z) while accounting for the nanopipette geometry, we developed a two-dimensional
axisymmetric mathematical model in COMSOL Multiphysics, using parameters consistent with our experiments (see in
Supplementary materials). For comparison with experimental data, we employed both the standard Poisson—Nernst—
Planck—Navier—Stokes (PNP-NS) framework commonly used to describe ionic currents in SICM [19,21-23] and a mod-
ified version proposed here, which incorporates variations of dielectric permittivity, diffusion coefficients, and viscosity
under nanoscale water confinement. For reference, we also compared our results with calculations based on the orthodox
Ohmic theory [24].

3.1. Standard Poisson—Nernst-Planck—-Navier—Stokes model
The ionic flux /V; in micro- and nanofluidic systems is typically described by the PNP-NS system [19, 21-23]:
Ni = —DiV(Ji - ZlFUzClV‘i) + uc;, (1)

where D; is the diffusion coefficient, u; is the ion mobility, z; is the ionic charge, F' is the Faraday constant, ® is the
electric potential, u is the velocity vector, C; is the concentration of specific ions type. The first term corresponds to
diffusion driven by concentration gradients, the second — to electrophoresis driven by electric field gradients, and the
third — to convection through electrolyte flow. In the standard model, diffusion coefficients and ion mobilities are treated
as constant throughout the computational domain. For Na™ and CI™, diffusion coefficients were taken from [25], and ion

mobilities were calculated using the Nernst-Einstein relation:
D
=T 2)
kpT

where R is the gas constant and 7' is the absolute temperature. The surface charge density o in the electrical double layer

(EDL) was defined as:
o = —+/8eeocokgT - sinh (;]:‘p:op) , 3)
B
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where ¢ is the dielectric constant of the medium, £¢ is the vacuum permittivity, kp is the Boltzmann constant, 7" is the
temperature, ¢ is the surface potential, z is the valency of surface bonds, e is the elementary charge.
To compute the electrostatic field distribution in the EDL, the condition of electroneutrality was not imposed. Instead,

the Poisson equation with volumetric charge density was used:
F
2 Z
\Y% q):—% i Z2;Cqy (4)

where z; is the ionic charge, ¢; is the concentration of ions of a specific sign.
The third term in equation (1) accounts for electroosmotic flow (EOF), which arises in the diffuse layer. The EOF

velocity was found by solving the Helmholtz—Smoluchowski equation:

(e g, 5)

UEOF =

where @ is the electric potential, ( is the zeta potential of the surface.
The EOF velocity in the computational domain was found using the Navier—Stokes equation (Laminar Flow solver):

pli- V)@ = pAi — Vp, ©)
where p is the electrolyte density, @ is the flow velocity, p is the pressure, u is the kinematic viscosity.

Figure 3(a, dashed curve 3) and Fig. 3(b, dashed curve 3) show the calculated I(z) curves obtained using the stan-
dard PNP-NS model equations (1-6) for positive and negative pipette biases, respectively. In these simulations, dielectric
permittivity, diffusion coefficients, viscosity, and ion mobilities were assumed uniform throughout the domain. For com-
parison, the orthodox Ohmic approach based on resistance [24] is also shown (Fig. 3, dashed curves 4). Numerical values
of simulation parameters are listed in Supplementary materials.
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FIG. 3. Comparison of experimental approach curves I(z) with theoretical curves calculated using
different models. (a) Positive bias applied to the nanopipette electrode. (b) Negative bias applied to
the nanopipette electrode. PNP-NS models account for sample surface charge density o. NP’s surface
charge density for all modeled cases was o, = —30 mC-m™>

3.2. Modified Poisson—-Nernst-Planck—Navier-Stokes model under nanoscale water confinement

The standard PNP-NS model described above does not account for interionic interactions or for the changes in
physicochemical properties of electrolytes that arise under nanoscale confinement of water. It is well established that
water near solid interfaces exhibits properties markedly different from those of bulk water. Molecules form structured
interfacial layers with restricted mobility, giving rise to two coupled effects: an increase in viscosity and a decrease in
dielectric permittivity.

For instance, it has been reported that in 40 nm gaps, water viscosity is reduced by 5 % compared to bulk values, while
at 1 nm separations it increases by nearly an order of magnitude [26-28]. Molecular dynamics simulations [29] further
show that when two surfaces are separated by > 100 nm, water retains bulk-like properties with dielectric permittivity
€ ~ 80. As the gap decreases, however, € drops by an order of magnitude to values as low as 5 — 10. This finding has also

been confirmed experimentally [30].
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A reduction in ¢ lowers the electrostatic screening of ions by water, thereby strengthening ion—ion interactions ac-
cording to Debye-Hiickel theory. In the extended Debye—Hiickel-Onsager approximation, the ionic activity coefficient
v, is explicitly linked to dielectric permittivity [31]:

A2VC;

logio7vi = *H_TW, @)

where )
e‘B
A= 8
2.303 - 8mepekpT’ ®)

262NA
B=\——F-
cockpT ©)

Here a is the effective ionic radius, C; is the molar concentration.

The drop in ¢ increases the constant A, leading to a reduction in the activity coefficient . Under these conditions,
bulk diffusion coefficients can no longer be applied. First, tabulated diffusion coefficients are given for infinite dilution,
and second, they assume bulk water with ¢ ~ 80. At electrolyte concentrations above 10 mM/L, ion—ion interactions
become significant [32]. A thermodynamic description of diffusion accounting for ion activity, originally developed by
Lewis, Debye, and Onsager [31-33], introduces a correction to the diffusion coefficient:

0 0 In~;
D; = D; <1+Cl 5C, ), (10)
where D? is the diffusion coefficient at infinite dilution, C; is the electrolyte concentration, ; is the ionic activity coeffi-
cient.

Our simulations show that under surface-induced rectification at surface charge densities of —30 mC/m?, the local
ion concentration in the gap can increase 2-3 fold relative to bulk (150 mM/L), while the corrected diffusion coefficient
(eq. (10)) decreases by ~10 %.

The dependence D(e) calculated from equations (7-10) is shown in Fig. 4. We found that the diffusion coefficient
(eq. (10)) is more dependent on the dielectric constant than on the concentration. For example, at a gap of ~15 nm, € =
30, corresponds to a ~20 % reduction in the diffusion coefficient according to the Lewis—Debye—Onsager model [31]. As
reported in [30] with a further decrease of the gap, the permittivity will continue to decrease even more. With the dielectric
permittivity value of € = 7, the coefficient of diffusion of the aqueous solution with a concentration of C' = 150 mM/L
via equation (10) tends to zero (Fig. 4).
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FI1G. 4. The dependence of the diffusion coefficient on the electrolyte permittivity in the water confine-
ment conditions

This means that with such low values of dielectric permeability, equation (10) ceases to work for the water media.
It is clear that € ~ 7 is a critical value for the dielectric permeability of an aqueous solution of electrolyte, below which
there is a radical change in the ion transport mode, when the energy of electrostatic interaction between ions begins to
significantly exceed the energy of their thermal movement (kgT).

As mentioned above, another important parameter affecting the ion current is dynamic viscosity 7 of the solvent. An
increase in viscosity in the water confinement conditions leads to a decrease in convective flow (electro-osmotic flow) (see
equations (1) and (6)), as well as to a decrease in the ion diffusion coefficient according to the Stokes—Einstein equation:

D— k:BT’
6mna

(1)
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where a is the effective ion radius. Thus, when 7 increases by a factor of 5 — 10 under confinement, diffusion is propor-
tionally reduced. In equation (6), the value of the kinematic viscosity u is used. The dynamic and kinematic viscosities
are related by the following expression p = 1/p, where p is the density of the medium (kg/m?).

Figures 3(a, dashed curve 2) and Fig. 3(b, dashed curve 2) present the approach curves I(z) calculated using the mod-
ified PNP-NS model that incorporates nanoscale confinement effects. Fig. 5 further illustrates model curves at negative
pipette bias for different surface charge densities on the sample.
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4. Discussion

When comparing experimental and simulated approach curves I(z), it is important to properly define the probe-
sample separation. In the model, the gap is an explicit parameter; in SICM, however, it is not measured directly. Instead,
the extension of the piezo scanner is monitored until the ionic current decreases to its minimum detectable value.

In an ideal case with perfectly rigid probes and samples, atomically smooth and parallel surfaces the scanner extension
would equal the true distance between the pipette and the sample. The minimum current would then be limited by
instrumental noise only. In practice, however, the situation is more complex. On soft surfaces (e.g., polymers or living
cells), electroosmotic pressure [34] and Coulombic repulsion between like charges on the pipette and sample can deform
the surface, effectively increasing the gap. This introduces systematic errors in estimating the true probe-sample distance
from piezo extension. Additional factors such as surface roughness and imperfect parallel alignment also affect the
residual current at contact, further complicating tip-sample distance determination.

For this reason, in our analysis we restrict quantitative comparison between experiment and theory to hard, smooth
samples (e.g., polystyrene), where errors in gap determination are minimal (Fig. 3(a,b), solid curves 2).

In the conventional interpretation of “no-peak” approach curves in SICM, current decay is attributed to the increasing
total resistance, consisting of contributions from the nanopipette interior, the gap, and the bulk electrolyte [24]. In such
cases, the descending branch of I(z) is well reproduced both by Ohmic theory (Fig. 3(a, dashed curve 4)) and the classical
PNP-NS model (Fig. 3(a, dashed curve 3)). However, comparison with experimental data (Fig. 3(a, solid curve 1)) shows
clear discrepancies in the onset of current decay. This indicates that both Ohmic and classical PNP-NS models become
inaccurate at nanoscale separations. By contrast, the modified PNP-NS model that includes surface charge and nanoscale
water confinement effects (Fig. 3(a, dashed curve 2)) shows significantly improved agreement with experiment.

The sign and magnitude of surface charge on dielectric materials in aqueous media are typically determined by silanol
group dissociation or anion adsorption, with glass and most polymers acquiring negative charge at pH greater than 4. In
our modeling, surface charge density served as a fitting parameter. The surface charge density of polystyrene extracted
from our approach curves was approximately twice the value obtained using a macroscopic surface tension method [35].
We attribute this discrepancy to the different sampling scales: the droplet-deflection method averages over ~1 mm?,
whereas SICM provides highly localized measurements (~10~% mm?), which can differ from the mean surface charge
density value.

A more pronounced divergence between experiment and theory arises under negative pipette bias, when current
enhancement due to surface charge is observed. In principle, such enhancement can occur at both positively and negatively
charged surfaces. For negatively charged materials such as glass, many polymers, and chromosomes in physiological
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solutions [16], the growth branch appears at negative pipette potentials. For positively charged surfaces (e.g., APTES-
modified or poly-L-lysine-treated glass), enhancement occurs at positive bias [15,36].

In our experiments with polymer samples, the appearance of a peak was probabilistic (~60 %). We attribute this to
surface heterogeneity, arising from local roughness and random distribution of functional groups. To test this hypothesis,
we prepared glass samples with more uniform surface by etching in NaOH at 250 °C. On these surfaces, the peak effect
was consistently observed (~100 %). However, we did not compare these data directly with simulations, since defor-
mation and roughening of the etched glass surface must be considered. Indeed, Fig.2 shows that the effective tip-sample
separation for etched glass is more than twice that for polystyrene (Fig. 3, solid curve 1). This indicates surface softening
after alkali etching, consistent with sample deformation effects when decreasing the gap.

As emphasized earlier, the current growth branch of I(z) has been extensively studied as a function of surface
charge, pH, electrolyte concentration, and pipette aperture. However, all previous models predict monotonic growth up
to zero gap (Fig. 3(b, curve 3)), and cannot reproduce the experimentally observed peak. Our model, which incorporates
surface charge, reduced permittivity, and increased viscosity under nanoscale confinement, explains the origin of the
peak. Specifically, confined water conditions halt the unbounded current growth otherwise predicted for a negatively
biased glass pipette approaching a negatively charged surface.

The small offset (~10 nm) between the experimental and simulated peaks can be explained by the finite stiffness
and roughness of polystyrene [37] and by slight misalignment between the pipette and the sample surface. Fig. 5 further
illustrates that peak height is sensitive to sample surface charge density, highlighting the potential of SICM as a nanoscale
probing method of local surface charge of living cells.

Finally, the presence of a peak in I(z) has practical implications for SICM operation. In standard feedback mode,
the set-point is typically chosen at 99 % of Iy. In the presence of a peak, however, this working point lies on the much
steeper descending branch of I(z) (Fig. 2(b)) compared to a no-peak curve (Fig. 2(a)). As a result, SICM images acquired
under peak-effect conditions (Fig. 2(d)) exhibit increased noise relative to images obtained at positive bias without a peak
(Fig. 2(c)). Thus, while the peak effect can serve as a useful tool for local surface charge detection and measurements, it
must also be considered to ensure stable feedback operation.
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ABSTRACT A novel coherent detection method for subcarrier wave (SCW) quantum states applied to continuous-
variable quantum key distribution (CV-QKD) is presented. The proposed approach relies on repeated phase
modulation at the receiver and spatial separation of the carrier and subcarrier frequency components. The
resulting output is an intermediate frequency determined by the difference between the sender’s and receiver’s
modulation frequencies. An analytical model of the detection output is developed through time-varying mod-
ulation using a classical method based on Bessel functions, and a comparative analysis with alternative het-
erodyne detection methods is provided. Experimental validation confirms the linear dependence of the out-
put signal on the receiver's modulation frequency and the sender’s modulation index in the small-modulation
regime. Furthermore, the feasibility of the proposed method is demonstrated through the detection of discretely
modulated signals using quadrature phase-shift keying (QPSK).
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1. Introduction

Quantum key distribution (QKD) addresses the problem of securely distributing random number sequences between
remote parties using quantum states. The two main approaches in QKD are discrete-variable and continuous-variable
protocols [1]. Continuous-variable quantum key distribution (CV-QKD) utilizes coherent detection methods and does not
require single-photon detectors, which are replaced by balanced detectors based on effective PIN photodiodes. CV-QKD
offers several practical advantages: better scalability via integrated photonics [2—4], seamless integration into existing
telecom infrastructure [5], and high secure key rates in metropolitan networks [6].

Coherent states in CV-QKD can be generated as single-mode [7] or multimode [8]. Among the latter, one can
highlight that subcarrier wave (SCW) coherent quantum states demonstrate higher information capacity [9]. They could
also be obtained through phase modulation with discrete [10] and Gaussian modulation [11] without altering the optical
setup. The main challenge for SCW states in terms of CV-QKD is the detection method. Existing methods for SCW
modulated states include conventional homodyne and heterodyne detection based on 3 dB optical couplers [9], as well as
some unique methods based on repeated phase modulation or spectral separation of subcarriers with different phases [8].
The latter were approved through proof-of-concept experiments [10], and appear to enable the use of the carrier mode as a
phase-stable local oscillator. These methods require either multiple active optical components or are difficult to implement
because of the optical instability of the method.

In this work, we introduce a novel coherent heterodyne detection scheme that overcomes these limitations and paves
the way toward a fully practical SCW CV-QKD. Our approach implements repeated phase modulation at the receiver and
leverages a deliberate shift in the SCW modulation frequency to define the heterodyne intermediate frequency, thereby
decoding both quadratures of the incoming quantum state. We validate this concept through numerical modeling and a
proof-of-concept experiment using off-the-shelf fiber-optic components, demonstrating robust quadrature retrieval.

© Filipov 1., Goncharov R., Dashkov M., Bogdanova E., Zinovev A., Chistiakov V., Kiselev F., 2025
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The remainder of this paper is organized as follows. Section 2 introduces the proposed detection method and com-
pares it with previously developed methods. Section 3 presents a proof-of-concept experiment that demonstrates the
feasibility of the approach. In Section 4, we discuss the results in the context of the underlying assumptions.

2. Detection principles

Coherent detection of SCW quantum states relies on mixing these states with a strong reference field, the local
oscillator. The most common implementation implies the 3 dB coupler, which works for both single-mode and SCW
coherent states [9].

Specific techniques have also been developed for SCW states [8, 10]. These exploit the strong carrier mode as a
phase-stable local oscillator, made possible by Alice’s low modulation index m4 < 1. One such approach applies
repeated phase modulation on Bob’s side, then separates carrier and subcarriers into different photodiodes of a balanced
detector.

Fig. 1 shows a simplified scheme of this method, along with the optical power spectrum of the transmitted SCW
signal. In the inset, we plot the balanced detector output voltage for various phase differences between modulators of
Alice and Bob in a simplified form. Phase modulation distributes optical power between the carrier and subcarriers, with
the relative phase setting the energy balance. A fiber Bragg grating filter and circulator isolate the carrier: the grating
reflects a narrow spectral slice, which the circulator then directs to a second photodiode.
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F1G. 1. SCW CV-QKD heterodyne detection based on repeated phase modulation. Top: optical power
spectrum of SCW signal. Inset: balanced-detector voltage vs. phase difference

For identical modulation frequencies {2 and Alice’s small index m 4 < 1, the balanced detector output is

V = R(\GTEG(1 - 2J3(m)), (1)

where R(\) is the photodiode responsivity at wavelength A, G is the transimpedance gain, Ej is the field amplitude
before modulation, 7" is the combined channel and receiver transmittance, and .J; is the zero-order Bessel function (from
the Jacobi—Anger expansion), and m is the effective modulation index:

m:\/mi+m23+2mAchosA¢ )

with m 4, mp Alice’s and Bob’s indices and A¢ their phase difference. To balance the optical paths (and cancel the DC
component), Bob’s index m g is set to approximately 1.13 [11]. This scheme supports both discrete [8] and Gaussian [11]
modulation formats.

Unlike prior works where A¢p = ¢4 — ¢p was static, we introduce a time dependence by letting ¢5(t) = wt + ¢o,
so that

m(t) = \/m? +m3 + 2mam cos (wt — (1) + do). 3)

Shifting Bob’s modulation frequency by w (to Q' =  + w) thus generates a heterodyne intermediate frequency
encoding both quadratures.

Fig. 2 compares the analytical output of the balanced detector for three configurations: the proposed method, a
coupler-based method utilizing an external reference field, and the configuration described in [10]. All three recover the
intermediate frequency, though the proposed method shows a modest reduction in efficiency.
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FIG. 2. Analytical comparison of balanced detector outputs for coupler-based heterodyne (dashed),
spectral filtering [10] (solid), and the proposed method (dash-dotted)

3. Experimental setup

To validate the assumptions from Section 2, we assembled the experimental setup shown in Fig. 3. It comprises
two modules: Alice and Bob. The Alice module includes a tunable Neophotonics laser source (linewidth < 100 kHz,
central frequency 193.4 THz) as the optical carrier, a SMARTS - Quanttelecom lithium niobate phase modulator (10 GHz
bandwidth) for SCW modulation, and a tunable optical attenuator to control the mean value of the output optical power.
The Bob module consists of an identical phase modulator for receiver-side remodulation utilizing shifted modulation fre-
quency and a Teraxion ClearSpectrum fiber Bragg grating filter (bandwidth < 7 GHz) aligned with the carrier frequency,
coupled with an optical circulator to separate and route reflected carrier light to the second photodiode. Optical paths
were matched by patch cord, and the balanced photodetector BPD-003 by General Photonics was utilized as a shot-noise
limited detector with a 200 MHz bandwidth.
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F1G. 3. Experimental setup for validating the SCW CV-QKD detection method

The electronics include a quadrature modulator to generate Alice’s modulation signal and an RF generator to set a
stable offset frequency on Bob’s side. On Alice’s side, the quadrature modulator was implemented using a combination of
a RF source Rohde&Schwarz SGS100A and an I/Q modulation generator Rohde&Schwarz AFQ100B. The modulation
frequency of the RF source was set at {2 = 4.8 GHz. This frequency was selected based on the bandwidth of the fiber
Bragg grating filter used on Bob’s side. The SCW must fall within the stop band of the grating’s reflection spectrum
to allow effective spectral separation during detection. Therefore, for the filter used in the experiment, the doubled
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modulation frequency 22 was required to be at least 9.5 GHz. On Bob’s side, a modulation signal was generated using
a programmable phase-locked loop (PLL) circuit, allowing for tunable modulation frequency. The synchronization of
Alice’s and Bob’s modulation frequencies was achieved using a 100 MHz reference signal from the RF source to PLL
through the wire. The reference clock distribution through the fiber channel, which is commonly employed in discrete-
variable QKD systems based on subcarrier waves [12], was omitted in the experimental setup for the sake of simplicity.

The output of the balanced detector was recorded using a Rohde&Schwarz oscilloscope with 1 GHz bandwidth and
5 GSa/s sampling rate without analog filtering. The oscilloscope bandwidth exceeded the one of the balanced detector
and the sampling rate provided sufficient oversampling relative to the detector bandwidth. All signal processing was
performed offline using digital signal processing techniques.

First, we measured the intermediate frequency’s dependence on Bob’s remodulation frequency. The results of this
measurement are presented in Fig.4. During the experiment, the output frequency of the PLL on the Bob’s side was
tuned from 4.810 GHz to 4.860 GHz, while all other parameters kept constant. Alice’s modulation frequency was set to
4.800 GHz, and no digital I/Q modulation was applied. To analyze the relationship between the measured intermediate
frequency and the Bob’s modulation frequency, linear regression was employed. The coefficient of determination R? for
the measured data was found to be approximately 0.999. The observed dependence appears to be linear and is consistent
with the assumption presented in Section 2. Due to the frequency synchronization between Alice’s and Bob’s RF sources,
the resulting intermediate frequency exhibited high stability.
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FIG. 4. Intermediate frequency vs. Bob’s modulation frequency (Alice fixed at 4.8 GHz). Dots: exper-
imental data; dashed line: linear fit

Second, we evaluated the amplitude linearity of the intermediate-frequency signal as a function of Alice’s modulation
index m4 in the small-index regime. Establishing linearity is crucial for the implementation of advanced modulation
techniques such as Gaussian modulation, probability-shaped QAM, and APSK [13, 14]. The corresponding measurement
results are presented in Fig. 5. During the experiment, Alice’s modulation index was varied approximately from 0.11
to 0.25 by adjusting the amplitude of the RF source. As in the previous measurement, Alice’s modulation frequency
was fixed at 4.8 GHz, and digital I/Q modulation was not applied. In addition, Bob’s modulation frequency was offset by
50 MHz relative to Alice’s frequency to generate a detectable intermediate frequency. To analyze the relationship between
Alice’s modulation index and Bob’s output amplitude, linear regression analysis was performed. The resulting coefficient
of determination R? was approximately 0.994, indicating a strong linear relationship. This behavior is consistent with the
assumptions outlined in Section 2 and further supports the feasibility of applying linear modulation schemes within the
proposed detection method.

Finally, we implemented a QPSK modulation to demonstrate the feasibility of detecting discretely modulated SCW
signals using the proposed detection method. The modulation sequence was set using the Rohde&Schwarz AFQ 100B
signal generator. The symbol rate was set to 1 MHz, and Alice’s modulation index m 4 was configured to 2.2 x 10~3. The
modulation frequencies of Alice and Bob were fixed at 4.800 GHz and 4.825 GHz, respectively. Fig. 6 shows the result
of signal demodulation at the output of the balanced detector. The demodulation process was performed in the digital
domain using a digital down-conversion (DDC) scheme. The intermediate frequency signal was subjected to band-pass
filtering to isolate the relevant spectral component. This was followed by frequency down-conversion using a digital local
oscillator and low-pass filtering to extract the baseband signal. Then, the sampling rate was reduced to match the symbol
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rate. The mapping between the received signal phases and symbol states was performed based on prior knowledge of the
transmitted QPSK constellation.

2.0 a5°
135°

1.5 225°
: . 315°

1.0

0.5 1
€ 0.0;
—0.51
—1.01

—-1.51

—2.01

20 -15 -1.0 -05 0.0 05 10 15 2.0
I, mV

FIG. 6. Constellation diagram of SCW-modulated QPSK at the balanced detector output after digital
down-conversion

4. Discussion and conclusion

We have presented a novel detection method for SCW-modulated states through time-varying modulation using a clas-
sical method based on Bessel functions. The proposed method produces an output functionally equivalent to established
heterodyne techniques while employing a phase-stable approach based on repeated phase modulation. We experimen-
tally demonstrated the reconfigurability of the intermediate frequency and a linear dependence of the output amplitude
on Alice’s modulation index. As a proof-of-concept, we transmitted and detected a QPSK-modulated signal using this
method.

The proposed detection technique addresses several limitations associated with previously reported heterodyne and
dual-homodyne detection schemes [10, 11]. Dual-homodyne detection requires a larger number of components compared
to standard homodyne detection, including a balanced detector, a phase modulator, and a narrowband fiber Bragg grating
filter. This not only increases the cost and complexity of implementation but also introduces additional technical chal-
lenges, such as the need for multiple control signals and precise spectral alignment of the fiber Bragg grating filters. In
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contrast, the proposed detection scheme neither increases the number of optical components relative to a homodyne setup
nor requires fiber Bragg grating filter alignment in Bob’s module.

The heterodyne detection method described in [10] relies on matching the filter transmission spectrum with the laser
carrier frequency along the slope of the transmission curve. Under this condition, the carrier power is split approximately
equally between the reflected and transmitted ports of the fiber Bragg filter. In SCW CV-QKD detection architectures,
both the carrier frequency and the filter transmission spectrum are generally sensitive to operational variations in systems
employing narrowband filters. Furthermore, the rate of change of the transmission for the central carrier frequency is
higher when it lies on the slope of the transmission spectrum than at its peak. This can lead to additional power fluctuations
and, in cases of strong variations, to the saturation of one arm of the balanced detector. Positioning the carrier frequency
at the transmission peak in the proposed scheme effectively mitigates this source of instability.

Nevertheless, several technical challenges remain before realizing a fully functional SCW CV-QKD system. These
challenges span both digital signal processing (DSP) and physical-layer implementation.

First, existing DSP techniques used in single-mode CV-QKD systems [15] must be adapted for the Alice and Bob
modules. For example, our experiment omitted pulse shaping on Alice’s side to simplify modulation. However, incorpo-
rating pulse shaping could confine the modulation spectrum and enable matched filtering via a root-raised-cosine filter.

Second, physical-layer constraints must be addressed. CV-QKD schemes with a transmitted local oscillator require
high LO power for shot-noise-limited detection, which can introduce excess noise [16]. The SCW approach offers strong
spectral separation between the quantum signal and LO, potentially improving isolation. Conversely, achieving high
carrier power relative to subcarriers necessitates a lower Alice modulation index, which may demand specialized hardware
solutions.

Finally, the security of the physical implementation must also be carefully considered. Numerous side-channel attacks
have been reported for systems based on single-mode states [17], and the relevance of such vulnerabilities to SCW CV-
QKD architectures must be systematically evaluated.
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ABSTRACT We present an optical physical unclonable function (PUF) based on silver nanostructures randomly
formed on a crystalline silicon wafer through galvanic displacement and thermal annealing. The process pro-
duces nanostructures with stochastic spatial distribution and morphology, resulting in unpredictable nonlinear
optical responses. The hybrid Ag—Si interface generates two independent signals: photoluminescence (PL)
and second-harmonic generation (SHG). Spatial PL and SHG maps were binarized and analyzed using stan-
dard PUF metrics. SHG demonstrated higher entropy and more balanced bit distribution, making it the pre-
ferred encoding channel, while PL provides an additional verification layer. The fabrication method is scalable,
lithography-free, and compatible with standard silicon processing.

KEYWORDS silver nanostructures, silicon, SHG, photoluminescence, physical unclonable function.
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1. Introduction

The modern global economy faces a growing threat from counterfeit goods, which inflict significant financial losses
on manufacturers and pose serious risks to consumers, particularly in critical sectors such as pharmaceuticals [1, 2].
Conventional protection methods like holograms and barcodes are vulnerable to copying, as they are created using deter-
ministic algorithms. A promising solution to this problem lies in Physical Unclonable Functions (PUFs), which leverage
stochastic processes at their core to ensure the uniqueness and unpredictability of each item [3-5].

PUFs are hardware-based cryptographic primitives that exploit the inherent randomness of their physical structure to
generate unique challenge-response pairs. For anti-counterfeiting, optical PUFs are of particular interest due to their high
information capacity and resistance to tampering. However, current manufacturing techniques for strong optical PUFs
are often incompatible with existing production lines [6] and/or vulnerable to sophisticated machine learning attacks.
Furthermore, the long-term security of many PUF designs is threatened by their reliance on microscopic features, which
are becoming increasingly susceptible to manipulation as nanoscale technologies advance.

The logical evolution of PUFs involves a shift to nanoscale critical features, which would drastically enhance their
resistance to cloning [7,8]. Yet, this transition introduces fundamental readout challenges, requiring sub-diffraction spatial
imaging techniques and robustness against higher noise levels. Consequently, a key challenge is the development of PUFs
that combine nanoscale complexity with fabrication simplicity and reliable readout protocols. Multi-level security system,
that combines different optical responses [9, 10] add complexity into label design, represents a promising direction for
creating authentication systems.

Here, we introduce a novel, high-security PUF label based on a stochastic assembly of silver nanoparticles on a sili-
con wafer. The unique cryptographic identity of each label is derived from its inherent morphological randomness, which

© Fedorova M., Petrova E., Larin A., Sandomirskii M., Ermina A., Pavlov S., Zharova Y.,
Permyakov D., Yaroshenko V., Zuev D., 2025
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manifests as a non-linear optical response, specifically through second harmonic generation (SHG) and photolumines-
cence (PL). We detail a scalable fabrication approach for these structures and thoroughly characterize their morphology
and optical properties. Furthermore, we demonstrate their practical application as robust PUF label and evaluating their
encoding capacity, showcasing their potential for anti-counterfeiting solutions.

2. Results
2.1. Fabrication

Commercial boron-doped (p-type), single-crystal silicon (c-Si) wafers with a thickness of 500 pm and (100) crystallo-
graphic orientation, grown by the Czochralski method and chemically dynamically polished on one side, were purchased
from Telecom-STV Company Limited (Zelenograd, Russia). The wafers had a resistivity of 10 €2 cm, corresponding to a
carrier concentration of approximately 1.4 x 10'® cm™3. For convenience, the wafers were diced into 1 x 2 cm? samples.
Prior to experiments, the c-Si samples underwent wet chemical cleaning based on the RCA procedure to remove organic
and ionic contaminants. Milli-Q deionized water and fluoroplastic dishes were used throughout the experiment. Argentum
nanoparticles (AgNPs) were synthesized on the surface of c-Si wafers (see Fig. 1a) via a galvanic displacement reaction
(GDR) using an aqueous solution of 0.02 M AgNOs3:5 M HF mixed at volume ratio of 1:1 at room temperature. The
¢-Si wafer was immersed in the solution for 30 s, then rinsed with deionized water for 30 s, and subsequently dried with
compressed air to prevent streak formation on the sample surface. In the GDR process, the reduction of Ag™ on the c-Si
substrate is driven by the substrate itself upon immersion in the solution. In this redox system, c-Si, having a lower elec-
trochemical potential (—0.857 V vs. the standard hydrogen electrode (SHE)), is displaced by Ag™ ions from the solution,
which have a higher potential (0.8 V vs. SHE) [11]. The GDR in an HF-containing solution involves simultaneous anodic
and cathodic processes occurring on the ¢-Si surface, with charge exchange facilitated through the substrate. Fluoride
ions play a critical role by dissolving oxidized silicon in the form of silicon hexafluoride (SiF%‘), thereby preventing the
formation of a layer of native silicon oxide (SiOs). This maintains access to a fresh c-Si surface and sustains the reaction.
Thus, the overall ionic redox reaction can be written as follows [11]:

4Ag™ (aq) + Sio(s) + 6F (aq) = 4Ag,(s) + SiF;~ (aq) (1
where aq and s denote the aqueous and solid phases, respectively. The ionic reaction (1) can be interpreted as a short-
circuited galvanic cell composed of two electrodes: Cathodic half-reaction:

Agt(ag) + e~ = 4Agy(s) 2)

Anodic half-reaction:

Sio(s) 4+ 6F (aq) = SiFz (aq) + 4e~ 3)
where e~ denotes an electron.

Following the galvanic deposition of AgNPs onto ¢-Si, the samples underwent high-temperature annealing at 1000°C
in HoO atmosphere for 5 min. The annealing process was carried out in a three-phase electric muffle furnace equipped
with six silicon carbide heating elements. The furnace temperature was monitored and regulated using a thermocouple
positioned in the working zone and controlled via an electronic temperature control unit. During annealing, the experi-
mental samples were placed on a flat quartz support, which was positioned at the long end of a quartz L-shaped tube. The
short end of the tube was filled with boiling water to generate water vapor. The entire assembly was then inserted into the
furnace’s working area. Upon completion of the annealing time, the quartz tube was withdrawn from the furnace, and the
samples were allowed to cool to room temperature under ambient conditions. This process yielded SiO5/AgNPs/c-Si(100)
composite structures. The thermally grown SiO4 layer was selectively removed by immersion in a 1:1 HF:H5O solution
for 5 min(see Fig. 1a). To obtain pits in c-Si, silver was dissolved in boiling HNOj3 for 3 min(see Figs. 1b,c).

FI1G. 1. Morphology of the nanostructures shown by SEM images. (a) Silver nanostructures on the
silicon surface. (b-c) c-Si wafer after process of removal SiO2/AgNPs structures. Top and side view
respectively. Scale bar for (a) and (b) corresponds to 1 um, (¢) — 100 nm
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FIG. 2. SHG and PL spectra from nanostructures located at different points of the sample. (a) The
spectrum of the structure shows only SHG. (b) The spectrum of the structure shows only PL.

2.2. Optical characterization

In the previous section, we described in detail the fabrication process used to synthesize AgNPs embedded in the
surface of the crystalline silicon wafer. Due to the stochastic thermodynamic nature of the GDR and annealing processes
central to our approach, the AgNPs formed on the resulting samples exhibited random spatial distributions, sizes, and
shapes (see Fig. 1a).

Next, we investigated the nonlinear optical properties of the fabricated samples. For this purpose, we employed an
ultrafast Yb>* laser system (TeMa, Avesta Project) with a central wavelength of 1050 nm, pulse duration of 150 fs, and
repetition rate of 80 MHz. The laser beam was attenuated to 5 mW and focused onto the sample surface using a 100x
/ 0.7 NA Mitutoyo MPlan APO NIR objective in reflection configuration with dichoic mirror Thorlabs DMSP900. The
resulting optical signal from the samples was collected by the same objective and projected onto a charge-coupled device
(Andor DU420A-OE 325) placed in a Horiba LabRam HR spectrometer equipped with a 150 lines mm ' diffraction
grating.

Fig. 2 shows spectra of second-harmonic generation (SHG) and photoluminescence (PL) recorded from one of the
fabricated samples under the described experimental conditions. It can be clearly seen that all observed nonlinear re-
sponses arise exclusively in the presence of AgNPs (see Figs. 1,3). This observation is consistent with the fact that bulk
silicon possesses an extremely low quantum yield due to its indirect bandgap [12]. In contrast, the formation of metal-
semiconductor (Ag—Si) interfaces provides an effective mechanism for enhancing the nonlinear optical response of silicon.
Indeed, the metallic component significantly increases optical absorption in the system and facilitates the injection of hot
electrons into the active material [13]. This, in turn, leads to a high concentration of electrons in the Si conduction band,
improving the radiative recombination efficiency through enhanced Auger recombination [14]. Simultaneously, the SHG
signal can be attributed to the local symmetry breaking occurring at the same metal-semiconductor interfaces [15, 16].

Interestingly, analysis of the optical maps reveals that some AgNPs help to generate PL(see Fig. 2b), while others
help to produce primarily SHG(see Fig. 2a). We attribute this effect to the possible formation of a thin silver sulfide shell
around certain nanoparticles during fabrication [17]. Depending on its thickness and uniformity, this sulfide layer can
act as an additional energy barrier at the Ag—Si interface, suppressing hot electron injection into the silicon and thereby
reducing PL efficiency (while leaving SHG less affected). Nevertheless, we assume that the formation of such a sulfide
shell is a matter of chance, which makes the observed “switching” behavior between PL- and SHG-dominated regions
essentially random.

2.3. Designing a PUF label

Here we propose a hybrid optical PUF label based on silicon — silver nanostructures that simultaneously exhibit PL.
and SHG. The stochastic spatial distribution of nanostructures and there “switching” behavior results from the fabrication
process and cannot be deterministically reproduced, which forms the foundation of the PUF design. As explained above
these two optical responses arise from different physical mechanisms. Thus, the label naturally offers two independent
optical response channels, enabling multi-layer authentication and increased resistance to copping.

To evaluate whether PL and SHG encode independent information, we computed the Pearson correlation coefficient
between the binary response patterns extracted from the PL. and SHG maps. The Pearson correlation coefficient quantifies
the degree of linear dependence between two datasets, ranging from —1 (complete negative dependence) to +1 (complete
positive dependence), with 0 indicating no correlation. In the context of physically unclonable functions, low correlation is
desired, as it indicates that different optical responses do not contain same information and therefore contribute additional
security entropy. The coefficient was calculated based on binarized spatial patterns, where each bit corresponds to the
presence or absence of an optical signal exceeding noise. The binarization process is shown in Fig. 3.
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F1G. 3. The encoding scheme of the label. Demonstration of the process of converting SHG and PL
intensity maps into binary code

The resulting Pearson correlation coefficient between the PL-derived and SHG-derived patterns was 0.48, indicating
only moderate correlation and confirming that SHG does not replicate the PL-encoded information. For comparison, we
also analyzed the correlation between PL intensity maps at two wavelengths (650 nm and 700 nm) and obtained a value
of 0.86, which is significantly closer to 1. This high correlation is expected because both datasets originate from the same
PL mechanism. In contrast, the much lower correlation between PL and SHG demonstrates that the nonlinear optical
channel adds an additional, statistically independent layer of cryptographic entropy. These results confirm that combining
PL and SHG in a single nanostructured label enables a dual-level optical PUF architecture with enhanced resistance to
duplication.

The encoding capacity (E'C') of the proposed dual-channel PUF was estimated from the number of independent bits
encoded in the PL and SHG patterns. Each label consists of a 20 x 20 pixel grid (400 cells), and each cell provides two
independent binary responses (PL and SHG). Therefore, the total encoding capacity of a single PUF label is:

EC = 22><20><20 ~ 10240. (4)

Encoding capacity shows us amount of possible unique challenge-response pairs. Calculated value exceeds the
encoding capacity typically reported for rudimentary PUFs and is comparable to values demonstrated in recent high-
capacity implementations [18].

In addition to the high encoding capacity, the performance of the generated binary patterns was evaluated using
three widely adopted PUF quality metrics [19]: bit uniformity, uniqueness, and entropy, calculated separately for the
SHG-based and PL-based responses.

Bit uniformity (BU) quantifies the balance between 0 and 1 in the generated response, with an ideal value of 0.5
indicating the absence of bias toward either state. Bit uniformity can be calculated with followed formula [20]:

1 t
BU =~ > K, )

n=1
where K, is the bit number n in the binary code.

For the SHG-derived patterns, bit uniformity was 0.1, while for PL it was 0.05. Although these values deviate from
the ideal symmetric distribution, such behavior is typical for physically generated binary responses where digitization
results from localized variations of optical intensity. This is due to the large amount of “empty” space, which gives one
ZEero response.

Uniqueness (U) evaluates the average Hamming distance between different responses and reflects how distinguishable
binary patterns are when obtained from different spatial regions. For calculations, the following formula was used [21]:
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where R; and R; represent the responses from the labels 7 and j. The number of labels is k, and H D denotes the Hamming
distance. SHG-based responses demonstrated a uniqueness of 0.2, whereas PL yielded 0.1.
Finally, we calculated entropy (F) It shows the level of unpredictability in the binary data. Higher entropy corre-
sponds to stronger resistance against brute-force or statistical prediction attacks. The entropy values obtained for SHG
and PL responses were 0.5 and 0.3, respectively. The following formula was used [22]:

E = —[plogyp+ (1 —p)logy(1 —p)l, @)
where p is the probability of 1 in binary code.
Analyzing these parameters, we can conclude that SHG-derived patterns show better characteristics for generating
random bit sequences than PL-derived ones. This is due to the fact that SHG responses are present in more structures on
the label surface than the photoluminescence response.

3. Conclusion

We demonstrated a dual-channel optical PUF based on randomly formed Ag nanostructures on a silicon wafer. This
structures are able to produce PL and SHG signals, which can be independently detected and converted into binary
patterns. Analysis of the obtained patterns shows that PL- and SHG-based responses encode different information. Eval-
uation of bit uniformity, uniqueness and entropy confirms that SHG provides a more balanced and informative binary
output and is therefore more suitable as the primary channel for encoding, while PL can serve as an additional layer of
verification. The presented fabrication approach is simple and scalable. All steps — galvanic displacement of silver and
thermal annealing and selective etching — rely on well-established wafer-level methods that do not require lithography
or specialized equipment. The process can be carried out on commercially available silicon wafers and repeated across
large areas without additional patterning. Since randomness is introduced naturally during metal deposition and interface
formation, no external randomness source or design optimization is needed. These features make the method feasible
for integration into existing semiconductor production workflows and suitable for low-cost manufacturing of optical PUF
labels.
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ABSTRACT This study investigated the redox properties of cerium oxide nanoparticles (CeO, NPs) and their
conjugates with superoxide dismutase (SOD) or horseradish peroxidase (HRP) as well as the UV-induced
modulation of these properties. UV exposure non-monotonically decreased the SOD-like property of the bare
CeO; NPs. The CeO- conjugates with enzymes were analyzed both immediately after preparation and after
being aged for 3 h. Chemiluminescence assays showed the synergistic effect for the CeO,-SOD conjugates
which showed high SOD activity. Additionally, CeO, NPs enhanced the stability of the conjugated SOD under
UV exposure thus demonstrating a photoprotective function. The CeO,-HRP conjugates demonstrated lower
prooxidant activity compared to the bare enzyme, however higher stability under UV irradiation. The effect of
UV radiation on CeO--HRP conjugates was found to be multidirectional and depended on the incubation time
of the CeO, NPs with the enzyme. The results demonstrated that CeO,-enzyme conjugates offer tunable dual
functionality and UV light could be an important parameter affecting their redox properties. The latter effect
should be taken into account for designing advanced cosmeceutical formulations.

KEYWORDS nanoceria, superoxide dismutase, peroxidase, UV irradiation, enzyme, conjugate, redox modula-
tion, photoprotection

ACKNOWLEDGEMENTS This study was supported by the Russian Science Foundation (Project no. 24-13-
00370).

FOR CITATION Sozarukova M.M., Filippova A.D., Ratova D.-M.V., Mikheev I.V., Proskurnina E.V., Baranchi-
kov A.E., Ivanov V.K. UV-tuning the redox properties of nanoscale cerium dioxide and its enzyme conjugates.
Nanosystems: Phys. Chem. Math., 2025, 16 (6), 791-801.

1. Introduction

Cerium dioxide nanoparticles (CeOy NPs) are now regarded as one of the most promising next-generation biomimetic
agents. Their appeal stems from a unique combination of physicochemical properties and a broad range of enzyme-
mimetic activities [1-3]. Significant research efforts are now directed toward engineered hybrid organic-inorganic mate-
rials that allow modulating the properties of nanoscale cerium dioxide using various biocompatible compounds including
proteins, enzymes, amino acids, etc. [4—10]. The immobilization of biologically active molecules on the surface of CeO4
NPs provides a functional platform for the targeted delivery of drugs and various bioactive ligands, as well as enhancing
therapeutic efficacy through synergistic interactions and prolonged activity [11, 12].

Reactive oxygen species (ROS) such as the superoxide anion radical (-O5 ™) and hydrogen peroxide, are essential
for normal physiological functions [13, 14]. In living systems, they play a crucial role in maintaining homeostasis and
facilitating cellular signaling. However, their overproduction can result in a cellular damage by inducing oxidative stress.
Living systems counteracts oxidative stress through production of antioxidants, e.g. enzymes, such as superoxide dismu-
tase (SOD), catalase, glutathione peroxidase, etc. Notably, SOD plays a critical role by regulating the balance between
intracellular oxidative processes and antioxidant defense system [15].

The ability of nanoscale cerium dioxide to mimic SOD was among the first enzyme-like properties discovered for
CeOs NPs [16-19]. It is well established that the SOD-like activity of CeOs NPs depends on a multitude of factors.
These include synthesis conditions [20], redox state of surface cerium atoms [16, 17,21], particle size and shape [19,22,
23], surface functionalization [24-26]. The SOD-like activity depends also on the presence of phosphate species [27],

© Sozarukova M.M., Filippova A.D., Ratova D.-M. V., Mikheev 1.V., Proskurnina E.V., Baranchikov A.E.,
Ivanov V.K., 2025



792 M.M. Sozarukova, A.D. Filippova, D.-M.V. Ratova, 1.V. Mikheev, E.V. Proskurnina, ...

pH [19, 28, 29], temperature [30], etc. To enhance the catalytic activity, hybrid materials are being created based on
cerium dioxide conjugated with antioxidant and prooxidant enzymes, such as SOD, catalase, and peroxidase [5,22,31].
Interestingly, the dismutation of superoxide anion radicals catalyzed by both native SOD or SOD mimetics though results
in a pronounced antioxidant outcome, however it simultaneously leads to the accumulation of hydrogen peroxide being
another type of ROS.

Despite the significant progress in understanding the biocatalytic properties of CeOs NPs and their hybrids with
biomolecules, the ability to control their redox activity using external physical factors remains underexplored. In this
context, ultraviolet (UV) radiation is of particular interest [32,33]. As a potent exogenous agent, UV radiation serves not
only as a convenient tool for controlled exposure but also as a physical model of oxidative stress [34]. The mechanism
of UV-action on living systems is multifactorial involving both the production of free radicals and direct damage of
biomolecules [35,36].

The surface properties of cerium dioxide which is a wide-bandgap semiconductor, can be modified upon exposure
to ultraviolet light. These changes can involve the alterations of its surface hydroxylation [37]. An example of a similar
phenomenon is titanium dioxide (TiO3), which exhibits UV-induced superhydrophilicity [38,39]. Given that the enzyme-
like properties of nanoscale cerium dioxide are largely governed by surface chemistry, UV irradiation is hypothesized to
be an effective tool for modulating the catalytic activity of CeO, NPs. However, the effects of UV irradiation on the redox
activity of both bare CeO5 NPs and their enzyme conjugates remain virtually unexplored. Specifically, the UV-modulation
of their interaction with key cellular enzymes, such as superoxide dismutase and peroxidase, by UV exposure has not been
assessed.

This study provides an investigation of the effects of UV irradiation on the redox activity of bare CeO, NPs and
their conjugates with enzymes. The activity was assessed towards key reactive oxygen species — the superoxide anion
radicals and hydrogen peroxide — by the chemiluminescence method. The CeO- conjugates were studied with different
oxidoreductase enzymes, superoxide dismutase or horseradish peroxidase (HRP). For the first time, it was shown that UV
irradiation can not only suppress, but selectively and dose-dependently modulate the enzyme-like activity of nanoparticles.
The findings of this study demonstrate the significant potential of nanoscale cerium dioxide for application in advanced
cosmetic preparations.

2. Materials and methods
2.1. Materials (chemicals)

The following reagents were used in this work: ammonium cerium(IV) nitrate ((NH4)2[Ce(NOs3)g], chem. pure,
Lankhit), isopropanol (high purity, Aldosa), superoxide dismutase from bovine erythrocytes (Cu/Zn type, > 97 % , S7446-
15KU, Sigma-Aldrich), horseradish peroxidase (RZ> 1.0, a > 110 U/mg, DIA-M).

2.2. Synthesis of bare CeO- nanoparticles and preparation of ceria-enzyme conjugates

Bare CeO; nanoparticles were prepared by thermohydrolysis of an aqueous ammonium cerium(IV) nitrate solution,
following a reported procedure [40]. Briefly, cerium salt (2.33 g) was dissolved in 23 mL of water. The resulting solution
(0.185 M) was maintained at 95 °C for 24 h. Following centrifugation to isolate the yellow precipitate from the mother
liquor, the product was washed three times with isopropyl alcohol and redispersed in deionized water. Finally, the sol was
boiled for 3 h to eliminate isopropanol residuals.

Cerium dioxide was functionalized with two enzymes: superoxide dismutase (CeO2-SOD conjugate) and horseradish
peroxidase (CeO5-HRP conjugate). The functionalization was performed by gradually adding the CeO- sol to an aqueous
solution of the enzyme. This process achieved a final molar ratio CeOs : enzyme 10000 : 1. Two types of CeO2 conjugates
with SOD and HRP were analyzed: as prepared (0 h pre-incubation) and incubated under stirring for 3 h. All the samples
were stored in dark. For physicochemical characterization, the enzyme-conjugated CeOx sols were dried at 25 °C.

2.3. Materials characterization

The concentration of the initial ligand-free cerium dioxide sol was determined gravimetrically.

The X-ray powder diffraction analysis (XRD) of ceria samples was performed using a Bruker (Billerica, MA, USA)
D8 Advance diffractometer (CuKe radiation). Data were collected over a 26 range of 20 — 100° with a step size of 0.02°
and a counting time of 0.2 seconds per step. Phase identification was performed using the ICDD PDF2 database. The
crystallite size (coherent scattering domain size) was estimated using the Scherrer equation; peak profiles were fitted to
pseudo-Voigt functions.

The optical absorption spectra were recorded in quartz cuvettes using an SF-2000 spectrophotometer (Spectr, Saint
Petersburg, Russia). Measurements were conducted in the range of 200 — 600 nm with a 1 nm step size.

Fourier transform infrared (FTIR) spectra were obtained on an InfraLUM FT-08 spectrometer (Russia) employing
the attenuated total reflection (ATR) technique. Spectra were recorded in the 400 — 4000 cm ™' range with a spectral

resolution of 1 em™?.
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Dynamic light scattering (DLS) and zeta potential measurements were performed at 20 °C and at 36 °C using a
Photocor Compact-Z analyser (Photocor, Moscow, Russia). The correlation function for each sample was collected by
averaging 10 individual 20 sec runs. The hydrodynamic diameter of the particles was determined using a regularization
algorithm (DynalS software).

2.4. UV-exposure procedure

The samples (absorbance < 0.2, V' = 2 ml) were irradiated in glass vessels (5 ml) using a Bio-Link UV irradiation
system (Vilber Lourmat, Collégien, France) at 312 nm (UV source 5 x 8-watt lamps). The samples were irradiated with
doses of 50 or 100 mJ/cm?. The samples were irradiated from above, the height of liquid sample was approximately 3 cm.

2.5. Analysis of SOD-like activity

The SOD-like activity of the materials was analyzed using a method based on the detection of lucigenin chemilumi-
nescence during its oxidation by superoxide anion radicals (-+O5 ). The superoxide anion radicals are generated by the
oxidation of xanthine to uric acid in the presence of oxygen [41,42].

Aliquots of aqueous solutions of xanthine (20 M, #X0626, Sigma), lucigenin (20 M, #393824, J&K, San Jose, CA,
USA), and the test sample were rapidly added into a cuvette containing a phosphate buffer solution (100 mM, pH 7.4).
The background signal was recorded for 30 — 60 s, then xanthine oxidase (¢ = 8.8 mU/mL, #X1875-25UN, Sigma) was
added. All experiments were conducted in triplicate. The chemiluminescence intensity was measured at 37 °C using a
Lum-1200 (DISoft, Moscow, Russia) 12-channel chemiluminometer. The results were processed using the PowerGraph
software (version 3.3).

2.6. Analysis of prooxidant activity

The prooxidant activity of the materials was analyzed towards hydrogen peroxide in the presence of luminol (5-
amino-1,2,3,4-tetrahydro-1,4-phthalazinedione, 3-aminophthalic acid hydrazide) [31,43].

Aliquots of HoO2 (10 mM, #H1009, Sigma) and luminol (50 uM, #A8511, Sigma) were rapidly introduced into
a cuvette containing phosphate buffer solution (100 mM, pH 7.4). The background signal was recorded for 60 — 90 s.
After the chemiluminescence intensity reached a constant value, an aliquot of the test sample was added. All experiments
were conducted in triplicate. Chemiluminescence was measured using a Lum-1200 (DISoft, Moscow, Russia) 12-channel
chemiluminometer. The results were processed using PowerGraph software (version 3.3).

3. Results and discussion
3.1. Characterisation of CeOy-based nanomaterials

Powder X-ray diffraction analysis (XRD) revealed that the crystalline phase in the bare CeOs sol and CeO- conjugates
with SOD and HRP enzymes corresponded to single-phase cerium dioxide (space group F'm3m, PDF2 00-034-0394)
(Fig. 1(a)). The cerium dioxide crystallite size (~ 2.8 nm) remains virtually unchanged after enzyme immobilization.

UV-visible spectroscopy revealed an absorption band between 280 — 300 nm for the enzyme-modified ceria sols
(Fig. 1(b)), which is characteristic of nanoscale CeO, with a band gap of 3.3 eV. The modified ceria sols show no
absorption band at ~ 250 nm. This band corresponds to the 4f! — 5d" transition of Ce3*. Therefore, Ce*™ was not
reduced to Ce®" during the functionalization of CeO, with enzymes.
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FI1G. 1. (a) X-ray diffraction patterns of bare CeOs NPs and ceria conjugates with SOD and HRP;
(b) electron absorption spectra of CeOz-based nanomaterials
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The ceria sols were characterized by DLS at 20 and 36 °C, these temperatures correspond to sample storage and
chemiluminescence measurement conditions, respectively (Fig. 2). The unstabilized CeOs sol exhibited a nearly monodis-
perse particle size distribution with a mean diameter of 14 nm and a minor fraction of larger agglomerates (~ 140 nm).
Modification of the nanoscale CeO- with SOD did not induce significant changes in the particle size distribution; the mean
aggregate diameter remained at 15 — 16 nm (Fig. 2(a,b)). In contrast, modification with HRP induced some changes, and
the formation of two aggregate fractions with sizes of 11 and 27 nm was registered (Fig. 2(a,b)). Fig. 2(c) shows the
particle size distribution in the aqueous solutions of the bare enzymes. The SOD solution contains three particle fractions
with average hydrodynamic diameters of 3, 24, and 270 nm. Similarly, three distinct fractions with average sizes of 4,
60, and 430 nm were identified in the HRP solution. It is important to note that the enzyme concentrations (superoxide
dismutase and horseradish peroxidase) in the modified ceria sols were 1 uM, which is 30 times lower than the enzyme
concentration in their individual solutions (30 pM). At such low concentrations, the contribution of the bare enzymes to
light scattering of the CeO, conjugates could be regarded as negligible.

Electrokinetic measurements revealed that modification of CeO, NPs with enzymes significantly changed their elec-
trical properties. A notable increase in (-potential was observed, rising from +25 mV for the bare CeOy NPs to +33 mV
for the CeO2-SOD conjugate and to +36 mV for the CeO2-HRP conjugate. This increase in (-potential indicates en-
hanced colloidal stability of the modified nanoparticles. Interestingly, this finding is somewhat counterintuitive as the
enzyme-modified ceria sols possessed higher pH (4.5 for CeO2-SOD and 5.6 for CeO5-HRP) than that of the bare CeO4
sol (pH 2.1) and thus a decrease in the absolute (-potential value could be expected [44]. However, the observed change
in (-potential value supports well the successful immobilization of enzymes on the surface of the CeOy NPs. In the recent
report, the hemolymph serum of Mytilus galloprovincialis was shown to form a protein corona on the surface of commer-
cial CeOy NPs [45]. The corona consisted of SOD and shifted the (-potential value of the NPs from a highly negative
—84 mV to —10 mV.

The ceria sols were analyzed by DLS after one month of storage in a dark environment at 4 — 8 °C. The unmodified
CeO, sol showed no change in its primary particle size (13 nm), but its larger agglomerates shrank by more than half,
to 63 nm (Fig. 2(a,d)). The CeO2 sol modified with SOD exhibited three distinct particle sizes: 14, 65, and 350 nm
(Fig. 2(d)). The size of the key particle fraction in the CeO2-SOD conjugate (14 nm) remained stable during storage.
Notably, ceria sol modified with HRP had a more uniform particle size distribution after storage, with average sizes of 15
and 100 nm (Fig. 2(d)).

The DLS method was also used to investigate the aggregation behavior of CeQO, particles in the sols after UV ir-
radiation. For the experiment, two UV doses were chosen, 50 mJ/cm? and a higher dose of 100 mJ/cm?. Exposure
to a low-dose UV radiation (50 mJ/cm?) resulted in a slight broadening of the particle size distributions in all the sols.
However, the overall profile of the size distributions and the average aggregate sizes remained unchanged (Fig. 2(a,e)).
In contrast, exposure to the higher UV dose (500 mJ/cm?) induced significant aggregation of the particles. Specifically,
in the CeO5-HRP conjugate the average aggregate size doubled to 30 nm, and the presence of larger agglomerates up to
550 nm was observed (Fig. 2(a,f)).

The FTIR spectra of bare CeO, NPs, enzymes, and the conjugates are shown in Fig. 3.

In the IR spectra of cerium dioxide, the broad bands at 3600 — 3100 cm ™" and 3200 — 2500 cm ™" correspond to the
O-H stretching vibrations of adsorbed water and the stretching vibrations of surface hydroxyl groups, respectively [46].
The determination of absorption bands of the protein carbon backbone or amide groups is challenging due to overlapping
with the strong water absorption bands. Nevertheless, the spectra of HRP and SOD reveal several weak bands in the
3000 — 2840 cm™* range (v(C-H)) and a band at 3270 cm™' (W(N=H) of secondary amides) [47]. A band in the 1570 —
1515 cm™! range, attributed to N-H bending vibrations of secondary amides (amide II), is observed in the spectra of both
the bare enzymes and their conjugates with CeOs. Bands characteristic of -CHy— deformation vibrations were registered
in the 1470 — 1400 cm ™~ range. The absorption band for the C=O stretching vibration (amide I) is ~10 cm ™! redshifted in
the IR spectra of the CeO5-SOD (1626 cm™ 1) and CeO5-HRP (1626 cm™ 1) conjugates relative to the bare enzymes (1635
and 1638 cm™!). These shifts support the successful formation of CeO-enzyme conjugates by indicating the interaction
between the nanoparticles and the proteins.

3.2. Chemiluminescence assay

3.2.1. SOD-like activity. Analysis of the SOD-like activity was performed by monitoring chemiluminescence in the
presence of lucigenin, a selective probe for superoxide anion radical generation [41,42].

The effect of UV irradiation was investigated on the redox behavior towards the superoxide anion radicals Oy~ of
bare CeO, NPs, SOD enzyme, and CeO,-SOD conjugates immediately after the mixing of components and incubated
for 3 h. Fig. 4(a) shows experimental chemiluminescence curves recorded upon the addition of xanthine oxidase to the
mixtures containing xanthine, lucigenin, and the analysed materials. These curves were recorded for the samples which
were not subjected to UV-irradiation, or the UV-irradiated samples. As can be seen, in the presence of the analysed
materials a decrease in lucigenin-dependent chemiluminescence is observed. The decrease in the chemiluminescence
intensity is proportional to the concentration of superoxide anion radicals and could be used to quantify the SOD-like
activity.
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FIG. 3. FTIR spectra of bare CeOy NPs, individual enzymes SOD and HRP and conjugates of CeO
with enzymes

To quantify the SOD-like activity, the relative degree of chemiluminescence suppression, ASy , was calculated from
the chemiluminograms (Fig. 4(b)) using the relation:

(S = 5)
So
where Sy and .S are the light sums (integral intensity) for the control experiment (without the addition of sample) and for

the experiment with the analysed sample.
The CeO2-SOD conjugates showed nearly 2.5 times higher efficacy in scavenging superoxide anion radicals than

bare CeO2 NPs and 1.5 times higher efficacy than SOD enzyme (Fig. 4(b)). This observation can be attributed to the
synergistic interactions between the components [5,20,31].

ASr, % = x 100%, (1)
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FI1G. 4. (a) Chemiluminograms illustrating the SOD-like activity of bare CeOy NPs, bare SOD and
CeO3-SOD conjugates, (b) histograms of the relative degree of chemiluminescence suppression (A Sk
for the samples

The effect of UV irradiation on the SOD-like activity of bare CeO-, NPs is multidirectional. Exposure to a dose
of 50 mJ/cm? suppressed the activity approximately threefold. Conversely, a higher dose of 100 mJ/cm? produced a
weaker effect, the activity reduced by one and a half times (Fig. 4(b)). This indicates that the SOD-like activity of bare
CeO, NPs can be modulated by UV exposure. The observed non-linear response for bare CeOy NPs to UV irradiation
could be discussed in terms of photochemistry of oxide semiconductors, e.g. TiO5 [38,39,48]. In particular, this effect
can be due to the competition between the surface photooxidation (resulting in surface passivation) at low doses and
the photoreduction (resulting in surface activation) at high doses. These competing processes can affect the surface
hydroxylation of nanoscale cerium oxide which is expected to govern its enzyme-like activity [37]. A dose of 50 mJ/cm?
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presumably promotes the oxidation and desorption of surface hydroxyl groups, while a higher dose of 100 mJ/cm? induces
the photoreduction of surface Ce*™ cations and facilitates surface re-hydroxylation. Recently, the UV exposure has been
shown to increase the concentration of subvalent Ce>t ions in parallel with arise in the catalytic activity of CeOy NPs [49].
Thus, UV irradiation has been regarded as a novel strategy for modulating the catalytic activity of nanoscale ceria through
annealing-free defect engineering [49].

UV irradiation was found to suppress the SOD-like activity of both SOD enzyme and the CeO2-SOD conjugates
(Fig. 4(b)). The UV-induced decrease in the activity is summarized in Table 1. These data are also illustrated in Fig. 5.

TABLE 1. Effects of UV irradiation on SOD-like activity of the samples.

Dose, mJ/cm? 50 100
Sample Reduction of SOD-like activity under UV irradiation, %
Bare CeO5 NPs 67 £7 34+9
SOD 20+ 2 11+3
CeO2-SOD conjugate 1241 17+2
Ce03-SOD conjugate (3 h) 31+1 40+£2
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F1G. 5. Effects of UV irradiation on SOD-like activity of bare CeO, NPs, SOD and CeO5-SOD conjugates

The antioxidant activity of the non-incubated CeO3-SOD conjugate was reduced in a lesser degree under 50 mJ/cm?
UV dose than under a 100 mJ/cm? dose, and their antioxidant activity was reduced to a lesser extent than that of the
individual enzyme (Fig. 4(b), Table 1, Fig. 5). These results suggest that CeO, NPs exert a photoprotective effect towards
the conjugated SOD, enhancing the operational stability of the conjugated enzyme under oxidative stress. Numerous
studies have reported pronounced photoprotective properties of nanoscale CeOs [33,50-52]. These protective effects
are most commonly attributed to a combination of two key mechanisms: the ability of CeOs NPs to effectively absorb
UV radiation and to mimic the functions of antioxidant enzymes, such as SOD and catalase, thereby reducing levels of
ROS formed under UV exposure. It has been demonstrated that the photodegradation of organic dyes such as methyl
orange [33], crystal violet [50] and rhodamine 6G [51] in the presence of CeOs nanoparticles is significantly lower than
in the presence of conventional photocatalysts such as titanium dioxide [50].

The immobilized SOD enzyme efficiently attracts superoxide anion radicals to the nanoparticle surface due to its high
affinity for this substrate [53,54]. This dramatically increases the local concentration of superoxide anion radicals around
the nanoscale cerium oxide. Consequently, any radicals that have not reacted with the SOD active site can be efficiently
scavenged by the CeO2 NPs. This process establishes a synergistic antioxidant cascade, in which the products of one
reaction become the substrates for the next reaction.

The CeO2-SOD conjugate aged for 3 h prior to irradiation showed a more pronounced reduction in SOD antioxidant
activity after UV-irradiation with 50 mJ/cm? and 100 mJ/cm? doses (Fig. 4(b), Table 1, Fig. 5). This effect is presumably
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attributed to substantial conformational changes in the SOD enzyme during the 3-hour incubation with CeOy NPs which
could make the enzyme susceptible to UV-induced damage. Thus, the catalytic activity of the CeO2-SOD conjugate under
UV radiation depends not only on the properties of the CeO- NPs but also on the structure of the immobilized enzyme.

3.2.2.  Prooxidant activity. The prooxidant activity of the samples was analyzed by monitoring chemiluminescence in
the presence of luminol, a probe sensitive to hydrogen peroxide and reactive chlorine species [55,56].

This study investigated the effect of UV irradiation on the redox behavior towards the hydrogen peroxide of bare
CeO; NPs, individual HRP enzyme, and CeO2-HRP conjugates, both immediately after mixing the components and after
the incubation for 3 h. Fig. 6(a) shows chemiluminograms for the samples which were not subjected for UV-irradiation
and the UV-irradiated samples. As can be seen, the analyzed samples enhance luminol-dependent chemiluminescence
indicating the generation of ROS and supporting the prooxidant properties of the studied materials.

(a) (b)

800
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2 5 77210 mdlem .
HRP_50 mJ/cm CeO,_0 mJ/em [_]50 mdrem? s
750 . .| 2
= — I 100 mJ/em £
S 5
600 - 2 =
: = 7z
5 CeO,-HRP (3 h)_50 mJ/cm? % =
© 450 A m < 400
E CeO0,-HRP (3 h)_0 mJ/cm? £
©
300 @ Ce0,-HRP_50 mJ/cm? 2
-—. I £0,-HRP_0 mJicm? £ 2004
0t — ; ‘ : %j—x—._
0 2 4 6 8 10 12 14 0 r m

. ! bare Cé02 NPs  HRP CeO2 -HRP CeO,-| -HRP (3 h)
Time, min

FIG. 6. (a) Chemiluminograms illustrating the prooxidant activity of bare CeOy NPs, HRP and CeO;-
HRP conjugates, (b) the light sums (prooxidant capacity) for the samples

From the chemiluminescence profiles, to quantify the prooxidant properties, the areas under the chemiluminescent
curves (light sums) were calculated, which are proportional to the number of generated radicals and correspond to the
prooxidant capacity of the samples. Fig. 6(b) shows the light sum bars. The most pronounced enhancement of the
chemiluminescence signal was observed for the individual HRP enzyme. It should be noted that the shape of the chemi-
luminescent curve for the individual HRP differed from the experimental curves for other samples (Fig. 6(a)), which
probably indicates different mechanisms of the prooxidant effect [20]. Analysis of the data (Fig. 6(b)) revealed that the
CeO5-HRP conjugates exhibited approximately 15 times higher prooxidant capacity compared to bare CeOs NPs. The
increase in peroxidase-like activity is consistent with previous reports on hybrid nanobiocatalytic systems [57, 58]. For
instance, the use of magnetite nanoparticles has been shown to significantly accelerate the hydrogen peroxide decomposi-
tion in the presence of HRP [58]. However, it is important to note that the HRP enzyme possessed lower activity upon the
immobilization onto the CeO, nanoparticle surface (Fig. 6(b)). Presumably, this may also be caused by conformational
changes in the enzyme structure and, as a result, steric hindrance to the access of the substrate to the active center.

To assess the effect of the UV radiation dose, the percentage decrease in the prooxidant activity of the analyzed
materials was calculated (Table 2). For clarity, these data are also presented in Fig. 7.

A UV dose of 50 mJ/cm? enhanced the prooxidant activity of bare CeO, NPs more significantly than a dose of
100 mJ/cm? (Fig. 6(b)). In contrast, the activity of the native HRP enzyme decreased in a dose-dependent manner
(Table 2), which is consistent with the recent reports [59, 60]. Notably, the CeO5-HRP conjugate (obtained without pre-
incubation) showed no significant change in activity after irradiation at 50 mJ/cm?. Conversely, UV-irradiation with a

TABLE 2. Effects of UV irradiation on prooxidant activity of samples

Dose, mJ/cm? 50 100
Sample Reduction of prooxidant activity under UV irradiation, %
Bare CeO2 NPs increase prooxidant activity | increase prooxidant activity
HRP 12+5 27+2
CeO--HRP conjugate — 5+1
CeO2-HRP conjugate (3 h) | increase prooxidant activity | increase prooxidant activity
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F1G. 7. Effects of UV irradiation on prooxidant activity of bare CeOs NPs, HRP and CeO2-HRP conjugates

dose of 100 mJ/cm? resulted in a decrease in the activity. Compared to the native enzyme, the activity of HRP conjugated
with CeOs (obtained without pre-incubation) did not change significantly under irradiation with a dose of 50 mJ/cm?, and
decreased to a lesser extent at 100 mJ/cm? (Table 2). These results could indicate a photoprotective effect of CeOy NPs
toward HRP. This effect is probably due to the ability of CeO5 NPs to effectively absorb UV radiation and thereby protect
the protein molecule from direct photolytic damage.

Interestingly, for the CeO2-HRP conjugate pre-incubated for 3 h, the UV-irradiation with both 50 and 100 mJ/cm?
enhanced the peroxidase-like activity by an average factor of 1.5. This suggests that longer incubation promotes the forma-
tion of a more stable conjugate. Subsequent UV irradiation presumably modulates the redox properties of the nanoscale
CeOs surface, creating more efficient synergistic catalysis — for instance, by facilitating electron transfer between the
nanoparticle and the active site center of the enzyme.

4. Conclusions

The UV-tunable dual redox behavior of nanoscale CeOs and its hybrid materials with the SOD and HRP enzymes
was studied. Bare CeOy NPs have been shown to possess SOD-like activity, which significantly reduced upon applying
even low UV doses (50 mJ/cm?). The CeO,-SOD conjugates exhibited a 1.5-fold increase in the antioxidant activity
compared to SOD alone. UV irradiation reduced the SOD-like activity of the hybrid materials, while CeOy NPs provided
a pronounced photoprotective effect towards the enzyme.

In the presence of hydrogen peroxide, both bare CeOs NPs and their hybrids with HRP exhibited pronounced proox-
idant properties, which can further be tuned by UV irradiation. The interaction of HRP with CeOy NPs resulted in the
decrease of the activity of the enzyme however favored its stability under U V-irradiation.

These findings underscore the potential of nanoscale CeO, and its hybrids in biomedicine and catalysis, where ex-
ternal factors (e.g., via UV exposure) could alter the redox properties of the material. The methodology proposed in this
study can be extended to the other models of oxidative stress, such as exposure to ultrasound, X-ray radiation, or radio
waves.
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ABSTRACT A thermodynamic analysis of the crystallization of titanium dioxide in the anatase, brookite, and ru-
tile modifications from aqueous salt solutions was performed, taking into account the influence of medium pH,
temperature, reagent concentration, and the specific surface energy (o) of the phases. It was shown that the
choice of the o value for the thermodynamic analysis of anatase crystallization is decisive: at o 4 = 0.3 J/m?, the
minimum particle size is determined by the crystallochemical criterion (I,ni, ~5—7 nm), while at o4 = 1.3 J/m?,
it is determined by thermodynamic criteria (d¢r;: ~8 nm, d., ~12 nm). Using ¢ values most closely approxi-
mating the conditions of a hydrated TiO, surface (oz = 1.79, o5 = 1.0, .4 = 1.13 J/m?), the regions of possible
crystallization for each modification were determined. Rutile can crystallize in a relatively wide pH range of
0.8-14 (25 °C) and 1.1-10.2 (200 °C), and the minimum particle sizes of rutile under these conditions are
determined by thermodynamic criteria — dcrit and deq. For brookite and anatase in acidic and alkaline con-
ditions (pH ~1-3 and 9—-14), the minimum particle sizes, as for rutile, are also determined by thermodynamic
criteria, whereas in the neutral region, they are determined by the crystallochemical criterion i,,;,. Based on
the analysis of structural transitions, it was established that anatase can transform into rutile or brookite at
particle sizes larger than ~16 nm. The calculated size for the brookite — rutile transition is ~712 nm.

KEYWORDS nanocrystals, titanium oxide, critical nucleus.
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1. Introduction

To date, the most studied structural types of titanium dioxide are anatase, brookite, and rutile [1-10]. Research
focused on studying the formation processes and structural transformations of TiO; is described in a substantial number
of works, some of which are presented here [11-17]. This interest is primarily related to the wide range of applications of
titanium oxide in various fields [9, 18,20-28]. The properties of the resulting TiO2 particles and materials based on them
are highly sensitive to the choice of the synthesis method [9, 18,29-31].

Common methods for obtaining specific structural types of oxide nanocrystals include precipitation [32-34], hy-
drothermal treatment [35-38], sol-gel synthesis [39—41], or their combination at various stages of formation or structural
transformations [42—44]. A common feature of these methods is the use of mobile media, particularly aqueous solutions
and hydrothermal fluids, to achieve intensive mass transfer of reagents. The sensitive parameters in obtaining nanoparti-
cles by such methods are temperature, pH value, ionic strength of the aqueous salt solution, and component concentrations.
All of the above applies fully to the preparation of titanium oxide nanoparticles of various polymorphic modifications as
well.

Thermodynamic assessments of the stability of nanoparticles of various structural types of TiO» — anatase, brookite,
and rutile — are of interest for the targeted synthesis of TiOy-based nanopowders with specified structures and properties,
and can be found, in particular, in works [45,46]. However, works dedicated to considering the composition of aqueous
salt media during the formation of TiO, are absent or have a different focus: [6, 11, 16]. Data on the thermodynamics
of formation of TiO5 nanoparticles with anatase, brookite, and rutile structures during their crystallization from aqueous
salt media at various temperatures and pH values are lacking in the literature. The main problems in such calculations
are likely the absence or insufficient accuracy of the necessary thermodynamic data. For example, known databases such
as IVTANTHERMO [48], JANAF [49], and HSC 6 [50] lack thermodynamic data for the brookite condensed phase and
water-soluble Ti species (with the exception of HSC 6, which contains data for Ti(OH); (aq)). Numerical values for the
enthalpies of the rutile-brookite and anatase-brookite transitions are given in [51]. There are experimental works dedicated
to the thermodynamics of TiO hydrolysis or dissolution processes [52—54]. In the context of studying the thermodynamic
feasibility of forming various structural types of TiOs, the estimation of critical and equilibrium nucleus sizes is also of
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interest. Such estimates are presented in a number of works for crystallization from a melt, for example [55]. In the
case of crystallization from aqueous solutions, the analysis of the influence of aqueous salt media on crystallization
processes is limited [56], or focused on kinetic aspects of crystallization [56, 57], or does not account for the medium’s
influence [6, 59]. Furthermore, the majority of works are dedicated to the thermodynamic assessment of size effects and
their connection to structural transitions [6, 45,46]. The main problem in such calculations that account for the liquid
phase, besides the lack of thermodynamic data, is the problem of choosing a correct value for the specific surface energy
(o) for anatase, brookite, and rutile crystallizing under different conditions (particularly from aqueous salt media). There
are two main types of approaches to determining specific surface energy: experimental and theoretical. Experimental
approaches are typically based on the analysis of thermodynamic data from aggregation, sintering, adsorption processes,
and the interpretation of temperature dependencies of changes in specific surface area and particle growth activation
energy. These approaches allow only an indirect estimation of the specific surface energy and often yield significantly
differing results [6,45,51, 60]. Theoretical approaches are based on quantum-mechanical calculation methods and allow
for the estimation of specific surface energy values for individual crystallographic planes, taking into account atomic
relaxation, as well as possible adsorption of water molecules or hydroxyl groups [6,61,62]. However, even in this case,
the results of such calculations depend on the chosen interaction parameters, simulation conditions, and the degree to
which surface defects are accounted for. Data on specific surface energy in various aqueous salt media are very limited,
not to mention the temperature dependence ¢ = o (7). It should also be noted that when determining the minimum
possible crystal sizes for various TiO2 modifications, crystallochemical constraints described in [63] are practically not
taken into account. This also limits the reliability of the calculated data obtained regarding the sizes of forming TiO,
nanocrystals.

Thus, the uncertainty in selecting the correct specific surface energy value for the anatase, brookite, and rutile struc-
tural types remains one of the key factors limiting the reliability and accuracy of thermodynamic calculations for the sizes
of critical and equilibrium nuclei and the stability of nano-sized TiO5 particles in various aqueous media. Therefore,
a thermodynamic analysis of the influence of the pH of the aqueous salt medium, reagent concentration, temperature,
specific surface energy value, as well as crystallochemical constraints on crystallite sizes, on the crystallization processes
of TiO4 solid phases with anatase, brookite, and rutile structural types from aqueous media is of significant interest.

2. Calculation

The thermodynamic analysis of TiOs crystallization processes from aqueous salt solutions was carried out with the
following assumptions: the aqueous salt solution remains a liquid phase upon heating. The resulting solid particles have
an isometric shape, close to spherical, with a size d. The influence of pressure on the thermodynamic properties of
condensed phases was neglected, as pressure within the considered range of its variation has a negligible effect on these
properties [48-50].

The following heterogeneous equilibrium is established in the reaction medium:

Tl(aq) + 4OH( q) = TiOQ(S) + 2H20(l) @))

In an aqueous salt solution, depending on the pH value, the following equilibria of water-soluble Ti(IV) species are
established:

Ti(yy + OH,, = Ti(OH)*" (aq) 2)
Tl(aq) +20H,,, = Ti(OH)3¢, (3)
Ti{}) +30H,, = Ti(OH)3,, (4)
Tl(aq) +40H,, = TI(OH)4(aq) Q)
Tl(aq) +50H = Ti(OH) (6)
Tit} +60H,, = Ti(OH)g,, (7)

To calculate the change in the molar Gibbs energy (A, G,,) of reaction (1), taking into account the influence of
particle size (d) and the pH of the reaction medium, the following equation was used:

AGp (T, pH,d) = A,G, (T)+ RTIn K + bo ;/m
1 1
K = =
.TT,L‘4+ . aTi4+ . a4OH, Trist 1 =+ Z Bia’ZOH—

where A, G, (T) is the change in the standard molar Gibbs energy of reaction (1) (kJ/mol) at temperature T'(K);
R is theuniversal gas constant (kJ/(mol-K)); K is the equilibrium constant of reaction (1); ap;s+ is the activity of bound
and unbound Ti‘(qu) ions; ap - 1is the activity of OH(_a ) ions; xr;4+ is the mole fraction of unbound water-soluble Tl(aq)
cations; o is the specific surface energy (kJ/nm?); V,, is the molar volume of TiO5 (nm?®/mol); d is the particle diameter
(nm); 3; is the stability constant of the water-soluble i-th aquahydroxo complex based on equilibria (2)—(7) in the aqueous

salt medium.
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Based on homogeneous equilibria in the aqueous medium (2)—(7) and the condition Z Trjomyi-n = 1, the mole
k=0

fraction of unbound water-soluble Ti?;;) cations was calculated as a function of the pH value in the aqueous salt medium.
The ionic strength of the solution was estimated for an aqueous solution with the composition TiCly; and NaOH, assuming
that C(Ti4+)=C(TiC14) and C(OH™)=C(NaOH) at each calculation point. The activity coefficients of the Ti4+(aq) and
OH-(aq) ions, required for estimating their activities in the aqueous salt solution, were calculated using the Davies equation
[64] for each pH value, total molar concentration of Titt (C, mol/L), and solution ionic strength. The temperature
dependence of activity coefficients in the Davies equation was accounted for using data from [65] at 25 and 200 °C.

The necessary data for calculating the A, G, (T') values for equilibrium (1) were taken from the JANAF, IVTAN-
THERMO, and HSC 6 databases. The molar Gibbs energy of formation for the brookite modification was estimated based
on the molar enthalpy of the rutile-brookite transformation (0.71+0.38 kJ/mol) according to data from [51] and the molar
entropy of brookite formation at different temperatures [66], using the thermodynamic properties of rutile from the three
databases mentioned above. Thus, the molar Gibbs energy of formation of brookite at 25 °C, using the thermodynamic
properties of rutile from JANAF, IVTANTHERMO, and HSC 6, is —383.90, —383.21, and —384.28 kJ/mol, respectively.
At 200 °C, these values are —529.69, —529.06, and —530.11 kJ/mol.

The values of Ay an(Ti(OH)ia;)) for n = 0-6, which are absent in the databases (except for the case n = 4), were

estimated based on experimental data presented in [52,54,67]. Thus, the molar Gibbs energy of formation of the Ti?;:l)

ion is: —350.2 kJ/mol at 25 °C. An estimate of this value at 200 °C (—317 kJ/mol) was made based on data from [53] and
the thermodynamic data for Ti(OH)4(aq) specified in the HSC 6 database.

Based on data on the hydrolysis constants of the rutile modification [53] and the molar Gibbs energy of formation of

the Ti?;z)ion, the molar Gibbs energies of formation of Ti(OH);(aq) and Ti(OH);(aq) at 200 °C were estimated. Based
4—n

on this, dependencies of the molar Gibbs energy of formation of the Ti(OH)n(aq)
were constructed for temperatures of 25 °C and 200 °C, and the stability constants (eq. (2)—(6)) at 200 °C were estimated,
which had not been explicitly presented in the scientific literature before.

complexes on the number n (Fig. 1)

Based on the data:

-200+ m [52, 54, 67]
® [53]

=00 A HSC6
-600

S
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2
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& -1000

<
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n

F1G. 1. Dependence of the molar Gibbs energy of formation of water-soluble Ti(OH)szaZ) species on
the number n at temperatures of 25 and 200 °C

Thus, for all subsequent calculations, the following stability constant (Ig 8) data for mononuclear hydroxo complexes
Ti(OH)fL(_a’;) were used: At a temperature of 25 °C: 18.51+0.40, 34.534+0.36, 48.06+0.41, 59.09+0.43, 61.1740.38, and
56.2240.51 for n = 1-6, respectively. At a temperature of 200 °C: 14.3140.25, 29.03+0.32, 41.95+0.35, 50.80+0.52,

and 53.43£0.45 for n = 1-5, respectively.

According to the dependencies of the molar Gibbs energy for reaction (1) on pH, constructed using the three
databases, it can be concluded that the resulting values show minor differences (Fig. 2). In this case, the range of val-
ues for anatase, according to IVTANTHERMO, almost always lies between the values determined using the JANAF and
HSC 6 databases (Fig. 2). Therefore, subsequent calculations were performed using thermodynamic data taken from the
IVTANTHERMO database.



Thermodynamic analysis of nanocrystal formation in the TiOs—H2O (NaOH, HCI) system 805

20 20+ 20+ c — Rutile
JANAF IVTANTHERMO TH 256;0 - - Brookite
— 950 — 950 = — - — Anatase
- T=25°C - T=25°C 00
g o 0
2
£ -10 101
Qo
<
<. -204 201
-30 -30
-40 \ -40 T T T T T T " -40
2 4 1 12 14
207 20° el 20°
N PH 7=25) .
/
10+ 10+ IVTANTHERMO |, 10+
_ T=200°C
g 0+ 0 0-
2
£ 104 -10+ -104
=
<
< 20 20 -20-
-30 -30 T~ ) -304
-40 T T T T T T 1 -40 : . r r T T , -40 T T ; : T . :
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
PH(7=200) PH(7=200) PH(r-200)
2{7 4[7 617 8!7 10|.7 12|.7 2{7 4[7 617 8!7 10|.7 12|.7 2‘_7 4I_7 s|_7 s|_7 16‘7 12‘_7
PH(7=25) PH(7=25) PH(1=25
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and HSC 6 databases for the rutile, brookite, and anatase modifications
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FI1G. 3. Dependencies of the critical (dcr;+) and equilibrium (d.,) nucleus sizes of the anatase modifi-
cation of TiO5 on the pH of the aqueous salt medium, the value of specific surface energy (o, J/m?), and
the concentration of the titanium-containing component (C') at 10~ and 10~% mol/L at temperatures
of 25 and 200 °C. The double line indicates the estimated limits of variation for the minimum possible
sizes of anatase crystals from a crystallochemical perspective (I,,i5)
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FIG. 4. Dependencies of the critical (d.,;;) and equilibrium (d.,) nucleus sizes of the rutile modifica-
tion of TiO5 on the pH of the aqueous salt medium, the specific surface energy value (o, J/m?), and the
concentration of the titanium-containing component (C) at 10~5 and 10~3 mol/L at temperatures of 25
and 200 °C. The double line indicates the estimated limits of variation for the minimum possible sizes
of anatase crystals from a crystallochemical perspective (I,,;,)

The dependence of the critical (d.,;;) and equilibrium (d.4) nucleus sizes of various polymorphic modifications of
TiO4 on temperature and pH value was determined based on expressions (8) and (9), respectively:

40V,
dcm’ T7 H) = — )
(pH) = = e I T RTn K
60V,
dey (T, pH) = — .
o TPH) = = e T BT K

An estimation of the minimum possible size of crystalline TiO, particles with different structures, based on crystal-
lochemical concepts, was performed using the empirical expression proposed in the work [63]:

lmin = max(a, b, c) - N, [nm)] (8)

where a, b, c are the values of the unit cell parameters (nm); /V is an empirical parameter (N ~5-7). The values of the
unit cell parameters for various polymorphic modifications of TiOy were taken from the work [68, 69].

For calculations involving variation of the specific surface energy (o, J/m?), ranges of values obtained experimentally
and reported in works [6,45,51, 60] for rutile and anatase were used: op = 1.3-2.2, 04 = 0.3-1.3 J/m?. For calculations
with a fixed specific surface energy value, the values reported in [6] and calculated using the DFT method, taking into
account the influence of the aqueous environment (surface hydration), were used: op = 1.79, 04 = 1.13 J/m?. These
values satisfactorily agree with the experimental data from [45] and are apparently the most applicable within the scope of
this work. For all calculations involving brookite, the value o = 1.0 J/m? [51] was used. The influence of temperature
on the specific surface energy values was not considered due to limited literature data.

3. Result and discussion

Due to the significant spread in data on the specific surface energy of anatase and rutile modifications, it is necessary to
examine the influence of this parameter’s value on the results of thermodynamic calculations of the critical and equilibrium
nucleus sizes of TiO5 for these modifications.

As can be concluded from the analysis of the calculation results presented in Fig. 3, the sizes of the critical and
equilibrium nuclei of anatase practically do not change during crystallization from aqueous salt media in the pH range
of 4-11 (25 °C) and 4-8 (200 °C), but strongly depend on the chosen value of the specific surface energy. Increasing
the specific surface energy values from 0.3 to 1.3 J/m* when estimating the dcrit of anatase in aqueous salt solutions
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(C' =107° mol/L) leads to its increase by a factor of four: approximately 2 nm (o 4 = 0.3 J/m?) and 8 nm (o4 = 1.3 J/m?)
at 25 °C. At the same time, the minimum size for crystallochemically stable existence (I,,;,) [63] of anatase crystals lies in
the range of approximately 5—7 nm. This means that when using the value o 4 = 0.3 J/m? in calculations, the determining
criterion for the minimum particle sizes of anatase will be the crystallochemical criterion. In the case where the value
04 = 1.3 J/m? is used in calculations, the minimum particle sizes of anatase will be determined by thermodynamic criteria
(derit ~8 nm, deg ~12 nm).

Shifting the pH of the aqueous salt solution into more acidic or alkaline regions leads to an increase in the values
of dri+ and d.q. However, the pH ranges for the existence of anatase under such conditions are quite narrow due to the
dominance of the particle dissolution process (Fig. 3).

The problem of choosing the specific surface energy value for the rutile modification is not as significant as in the
case of anatase. The calculation results indicate that the minimum particle size of rutile, under the considered crystalliza-
tion conditions, is determined by the thermodynamic criterion, as the minimum possible sizes from a crystallochemical
perspective (1,,,i,) are significantly lower (Fig. 4).

Using the specific surface energy values most closely approximating the case of hydrated TiO5 surfaces for thermo-
dynamic analysis (Fig. 5), several regions of possible crystallization and relatively stable existence of nanocrystals can be
identified. In this case, the main criterion for determining these regions is the comparison of dc¢, deg, and Iy, values.

Rutile, as the most thermodynamically stable modification, can crystallize at a temperature of 25 °C in a relatively
wide pH range of 0.8—14 of the aqueous salt solution. When the temperature increases to 200 °C, this pH range is:
1.1-10.2.

Brookite is a metastable modification [45], although its molar Gibbs energy of formation is close to that of rutile.
An important criterion for determining the boundaries of brookite crystallization is the l,,,;,, value, which is significantly
higher than the size of the critical nucleus and practically twice the [,,;,, value of rutile (Fig. 5).

Brookite can crystallize at a temperature of 25 °C in acidic and alkaline media within the pH range of approximately
1-2 and 12-14 (d¢ri¢ > lmin ). When the temperature increases to 200 °C, this pH range becomes approximately 1-2 and
9-10, respectively. This indicates that brookite has a greater tendency to crystallize from acidic and alkaline aqueous salt
solutions, according to the calculation results (Fig. 5).

The regions of anatase modification crystallization from an aqueous salt medium can be characterized, according
to the calculation results (Fig. 5), as follows: at a temperature of 25 °C within the pH range of 1-3 and 11.5-14; at a
temperature of 200 °C within the range of 1.2-2.4 and 8.9-10.1. In general, the crystallization boundaries for anatase are
similar to those for brookite in an alkaline medium. In an acidic medium, these boundaries for anatase lie within a wider
pH range (1.2-2.4) at 200 °C compared to brookite (pH = 1.1-1.8). This suggests that anatase has a greater tendency to
crystallize in an acidic environment than brookite does. However, the minimum sizes from a crystallochemical perspective
for anatase and brookite are quite similar (Fig. 5). It is likely that the crystallization of either anatase or brookite under
these conditions will be determined to a greater extent by synthesis specifics and kinetic factors.

Following the analysis of TiO5 crystallization in the rutile, brookite, and anatase structures, determining the pos-
sibilities of structural transitions between these modifications is important. According to the calculation (Fig. 6), the
intersection points of the molar Gibbs energy of formation for the anatase and rutile modifications of TiO5 are prac-
tically independent of temperature. For anatase crystal sizes larger than approximately 16 nm, TiOs can transit either
into the rutile structure, which aligns with the conclusions of the work [51], or into the brookite structure. Starting from
particle sizes of 40-60 nm, the specific surface energy contributes insignificantly to the molar Gibbs energy value. Con-
sequently, from a particle size of about 40 nm onwards, the molar Gibbs energy values for rutile and brookite become
very close. However, if the specific surface energy values are taken as 1.79 J/m? for rutile and 1.0 J/m? for brookite,
then the brookite-to-rutile transition becomes thermodynamically feasible at particle sizes of approximately 712 nm. The
estimation of stability boundaries and structural transitions strongly depends on the choice of the specific surface energy
value for the calculation. It is quite possible that the specific surface energy of brookite, for which data in the literature
is very limited, could be higher if surface hydration is taken into account. It should be noted that the large particle size
of brookite at which its transformation into rutile becomes thermodynamically possible indicates that, in practice, one
can expect to obtain macrocrystals of brookite in a relatively stable state due to the kinetically hindered nature of the
brookite-to-rutile transition for such particles.

4. Conclusions

Thus, it was shown that the choice of the specific surface energy value for anatase, which according to literature data
varies within a relatively wide range (0.3—1.3 J/m?), significantly influences the calculation results. For instance, when
using the value 04 = 0.3 J/m? in calculations, the determining criterion for the minimum particle sizes of anatase will be
the crystallochemical criterion. Conversely, when the value o4 = 1.3 J/m? is used, the minimum particle sizes of anatase
will be determined by thermodynamic criteria (dcr;; ~8 nm, dey ~12 nm). Based on the thermodynamic analysis of
TiO, particle crystallization using specific surface energy values most closely approximating these conditions for rutile
(cr = 1.79 J/m?), brookite (65 = 1.0 J/m?), and anatase (04 = 1.13 J/m?), the regions of possible crystallization was
determined. Rutile can crystallize in a relatively wide pH range of 0.8—14 at 25 °C and 1.1-10.2 at 200 °C, and the
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minimum particle sizes of rutile under these conditions are determined by thermodynamic criteria — dc,;; and deq. The
minimum sizes of brookite crystalline particles in acidic and alkaline media within the pH ranges of 0.7-2 and 12-14 at
25 °C, and 1.1-1.8 and 9.2-10.2 at 200 °C, are determined by thermodynamic criteria. In other considered conditions
(pH 2-12 at 25 °C and 1.8-9.2 at 200 °C), the minimum brookite particle sizes are determined by the crystallochemical
criterion (1,,;, ~ 5-7 nm). The minimum sizes of anatase crystals in acidic and alkaline media within the pH ranges of
1-3 and 11.5-14 at 25 °C, and 1.2-2.4 and 8.9-10.1 at 200 °C, are determined by thermodynamic criteria (dcrit, deg)-
In the remaining considered conditions, as in the case of brookite, the crystallochemical criterion applies. Given that the
minimum sizes from a crystallochemical perspective for anatase and brookite are very similar, the crystallization of these
modifications under the considered conditions will be largely determined by the specifics of the synthesis conditions and
kinetic factors. Based on the thermodynamic analysis of structural transitions, it was shown that anatase can transform
into rutile or brookite at particle sizes larger than approximately 16 nm. Starting from particle sizes of about 40-60 nm,
the specific surface energy does not contribute significantly to the molar Gibbs energy value. According to the calculation
results, the structural transition from brookite to rutile occurs at particle sizes of 712 nm. However, prior to this transition,
the molar Gibbs energies of rutile and brookite are so close that the difference between these values falls within the error
frameworks for determining thermodynamic properties.
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ABSTRACT The article presents the conditions for obtaining Ce(lV) phosphate coatings on the surface of sil-
icon and quartz by the successive ionic layer deposition (SILD) method. It has been shown that when using
solutions of (NH4)4Ce(SO,4)4 and NaH,PO, as reagents, coatings of the composition Ce(OH)PO, - nH,O are
formed on the surface of the substrates, and when using solutions of (NH,),Ce(SO,)4 and NazPQOy, coatings of
the composition Nag 2Ce(OH)s 4(PO4)o.6 - nH20 are formed. These compounds have an amorphous structure.
SEM analysis of Nag 2Ce(OH), 4(POy4)q.6 - nH2O on the silicon surface showed that for the samples obtained
as a result of 15 SILD cycles, the planar isotropic coatings are rolled into microtubules with a microscroll mor-
phology of 3-5 um in diameter and 30-100 xm in length. The composition of the noted Ce(lV) phosphates can
be relatively easily doped during the synthesis process, for example, with Fe(ll) cations and tungstate anions.
It was found that Ce(OH)PO, - nH,O coatings are characterized by intense absorption band in the UV region
of the spectrum, and can be used as components in various types of absorbers. Moreover, the degree of
absorption can be controlled by varying the number of synthesis conditions, for example, the number of SILD
cycles.
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ACKNOWLEDGEMENTS This work was supported by the RSF grant (project # 23-19-00566). We are grateful to
the “Nanotechnology Centre” of Saint-Petersburg State University for technical assistance in the study of the
synthesized samples.

FOR CITATION Chuvilo Y., Kuklo L., Tolstoy V. Features of Ce(lV) phosphate coatings formation on the silica

surface during their synthesis by successive ionic layer deposition method. Nanosystems: Phys. Chem. Math.,
2025, 16 (6), 812-817.

1. Introduction

Rare earth element phosphates are known to exhibit a variety of practically important properties, and their study has
received considerable attention [1-5]. Among these, Ce(IV) phosphates occupy a special place, exhibiting properties
similar in many ways to those of other metal phosphates in the 4+ oxidation state, such as Ti(IV) and Zr(IV) phos-
phates. The conditions for the synthesis of Ce(IV) phosphates and the features of their chemical structure, as well as the
results of studying their properties, are described in a number of reviews, for example in articles [6-8]. In particular,
Ce(PO4)(HPOy)g.5(H20)g 5 is an active adsorbent for many environmentally unsafe metal cations, including radioactive
ones [9]. Phosphates and Ce(IV) oxide are also actively studied as so-called nanozymes for biologically active processes
in living organisms [10-12].

Significant results were obtained in studying the characteristics of UV radiation absorption by Ce(IV) phosphates
[13,14]. It is known that the main inorganic components of various types of creams for skin protection from UV radiation
are titanium and zinc oxides, because they are characterized, on the one hand, by high absorption coefficients [15, 16] in
this spectral region, and, on the other hand, they are uncolored in the visible region of the spectrum.

A similar function can be performed by cerium (IV) oxide. When irradiated with UV light, it does not generate active
forms of oxygen that damage the skin, unlike titanium and zinc oxides.

In [17], it was shown that Ce(IV) phosphate exhibits properties similar to CeOs, and in this regard, it is of interest
to create new approaches to their synthesis. Another important aspect in assessing the possibility of replacing titanium
and zinc oxides in creams with Ce(IV) oxide or phosphate is the need to consider the comparatively high price of cerium
compounds. Therefore, such synthesis methods that allow deposition Ce(IV) phosphate coatings to various more accessi-
ble substrates are acquiring great importance. It is assumed that using these methods it is possible to obtain, for example,
core-shell structures in which the content of the more expensive component is lower.

© Chuvilo Y., Kuklo L., Tolstoy V., 2025
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Such methods include the SILD method [18], which allows the synthesis of a wide range of inorganic compounds
on the surface of complex-shaped substrates and relatively precise control of their thickness. The essence of this method
is to treat the substrate according to a special program using solutions of 2 or more reagents, with intermediate rinsing
of the sample with excess reagent and reaction products, using a solvent, specifically, water for aqueous solutions. The
conditions of such treatments are selected in such a way that during treatment with each reagent, alternate adsorption of
cations and anions occurs on the surface. It is important that these ions interact with each other and form a poorly soluble
compound.

The aim of this work was to study the features of the synthesis of Ce(IV) phosphate coatings on the surface of model
silica substrates represented by fused quartz samples and an ultra-thin layer of silicon oxide on the surface of single-crystal
silicon. An important part of the work consisted of the results of studying the degree of absorption of UV radiation by
such coatings.

2. Experimental
2.1. Materials

Aqueous solutions of (NH4)4Ce(SOy4)4-2H50, (NHy)2Fe(SO4)2-6H20, NagWO,, NaH,PO,4 and NagPO,4 (JSC Lenre-
active) were used as reagents for synthesis. The weighed portions of the reagents were dissolved in deionized water,
stirring for at least 30 minutes. The synthesis substrates used were single crystalline silicon with <111> orientation, as
well as fused quartz plates measuring 10x25 mm and 0.35 and 1.0 mm thick, respectively. Before synthesis, all substrates
were rinsed twice for 10 minutes using an ultrasonic bath with isopropyl alcohol. They were then washed with deionized
water and dried at 60°C for 10 minutes in the air.

2.2. SILD synthesis conditions

The coatings were synthesized using a custom-made automated setup. In the first stage of the SILD synthesis, the
substrate plates were immersed in a solution of (NH,4)4Ce(SO,4)4 with a concentration of 0.01 M. They were then removed
from this solution and immersed in distilled water to remove excess reagent and reaction products from the surface. In the
second stage, the plates were immersed in a solution of NaH,PO,4 or NagPO, with a concentration of 0.01 M and again
washed in distilled water. This sequence corresponds to one SILD cycle, which was repeated 5-25 times. A number of
syntheses were performed using a solution of a mixture of (NH4)4Ce(SO,4)4 and (NH,4)2Fe(SOy)2, as well as NagPO,4 and
Nay; WOy as one of the reagents. The treatment time in the reagent solutions and water was 30s. The synthesis was carried
out at room temperature and atmospheric pressure. After deposition, the samples were dried in the air at the temperature
60°C.

2.3. Physical characterization

Scanning electron microscopy (SEM), transmission electron microscopy (TEM), scanning transmission electron mi-
croscopy (STEM), selected area electron diffraction (SAED), energy-dispersive x-ray (EDX) microanalysis, Fourier-
transform infrared spectroscopy (FT-IR) and diffuse reflection (DR) spectroscopy in the UV-Vis region were used to study
the synthesized samples.

Electron micrographs were obtained using a Zeiss EVO-40EP scanning microscope and a Zeiss Libra 200 trans-
mission microscope. The synthesized compounds composition was determined by EDX microanalysis using an Oxford
INCA-350 spectrometer included in the Zeiss EVO-40EP scanning electron microscope kit. The FT-IR spectra of the
coatings on the silicon surface were recorded on FSM-2201 spectrophotometer according to a differential scheme relative
to a pure silicon substrate. The number of scans was 60. DR spectra were obtained using a Perkin-Elmer Lambda 9
spectrophotometer equipped with an integrating sphere. When obtaining DR spectra, fused quartz plates were used as
substrates. The surface of these plates was pre-polished using SiC powder with a particle size of about 20 ym as an
abrasive.

3. Results and discussion

As follows from the electron micrographs shown in Fig. 1(a,b), as a result of synthesis using solutions of
(NHy4)4Ce(SO4)4 and NaH,PO,, continuous thin films are formed on the silicon surface, which have separate micro-
cracks that are not through the thickness and have sizes of fractions of a micrometer. The latter may possibly form during
drying of the samples in air. If a solution of NagPOQ, is used instead of a solution of NaH3PO,, then for the samples ob-
tained as aresult of 5, 10, 20 and 25 SILD cycles, such a planar morphology of the films is preserved. It is only noteworthy
that the surface of such thin films has a more clearly expressed globular morphology and the sizes of such planar globules
are approximately 30—100 nm. However, for the sample obtained as a result of 15 SILD cycles, the morphology of the
coating changes significantly and the formation of microtubes with the morphology of microscrolls with a diameter of
about 3-5 pm and a length of 30—100 pm is observed on the surface (Fig. 1(c-f)). The wall thickness of such microtubes
is 50-80 nm and this indicates that during the synthesis as a result of 1 SILD cycle, a nanolayer with a thickness of ~4 nm
is formed on the surface. This value significantly exceeds the total dimensions of the elementary polyhedron in Ce(IV)
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F1G. 1. SEM images of the surface of the coatings deposited on silicon wafers. a, b — the reagents
in the synthesis were (NH,4)4Ce(SO4)4 and NaH;PO, solutions; c-f — (NHy)4Ce(SOy4)4 and NagPOy
solutions. The number of SILD cycles (/V) was 15

oxyhydroxide and phosphate anion. This circumstance, in our opinion, indicates super-equivalent adsorption of Ce(IV)
cations or phosphate anions on the surface at each stage of substrate treatment in reagent solutions.

In Fig. 1(c-f), it can be seen that the outer side of the microtube wall has a smoother surface than the inner one and
the planar thin film itself is rolled up with the outer side relative to the substrate into the microtube.

Important information about the structural and chemical features of the synthesized coatings can be obtained from
the analysis of electron STEM and TEM micrographs (Fig. 2(a,b)). According to these micrographs, the walls of such
microtubes consist of individual nanoparticles 2040 nm in size and these nanoparticles are amorphous (Fig. 2(c)). Similar
micrographs and SAED pattern were also obtained for the coating synthesized using the NaH,PO, solution and therefore
we do not show them in this figure.

FI1G. 2. STEM (a) and TEM (b) images of fragments of the coating synthesized on the silicon surface
as a result of its treatment for 15 cycles with solutions of (NH4)4Ce(SOy4)4 and Na3PO, using the SILD
method. (c) — typical SAED pattern of this sample

The study of the coating composition by the EDX method showed that in the case of using solutions of
(NH4)4Ce(SOy4)4 and NaH5PO, for synthesis, a thin film is formed on the surface, which consists only of Ce, P and
O atoms, and the ratio of Ce:P concentrations is close to 1 (Fig. 3(a)). Unfortunately, it is impossible to determine the
relative content of O atoms in such thin film, because oxygen is also present in it as part of water molecules. If a solution
of NagPOy is used as one of the reagents during synthesis, then in the composition of the coating, along with the noted
elements, Na atoms can also be found, and the ratio of the concentrations of Na, Ce and P atoms is 0.2:1.0:0.6.

The composition of the coatings was also studied by FT-IR spectroscopy (Fig. 4(a)), the results of which indicate the
presence of water molecules (absorption bands of water molecules are not shown in the figure) and phosphate anions in
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FI1G. 3. EDX spectra of coatings deposited on silicon wafers. a — solutions of (NH4)4Ce(SO4)4 and
NaH>PO, served as reagents in the synthesis; b — solutions of (NH4)4Ce(SO4)4 and NagPO4. N= 15

the layer. The presence of the latter is indicated by absorption bands in the region of 1200-900 cm ™! of valence and in
the region of 700-500 cm ™! of deformation vibrations of P-O bonds [16].

Thus, the composition of the obtained coatings can be characterized by analogy with papers [19-22] as Ce(OH)POy -
’/IHQO and Nao_QCC(OH)244(PO4)0_6 . TLHQO.

A rather logical result is a slightly lower content of phosphate anions in the sample obtained using the NasPOy
solution in relation to the content of the series. This solution has a significantly higher equilibrium pH value and therefore,
when the substrate is immersed in it, two competing reactions are observed, namely, a more complete hydrolysis of the
adsorbed Ce(IV) cations with the formation of Ce(IV) hydroxide and the adsorption of phosphate anions. In such a
solution, there are also significantly more Na™ cations and therefore, along with the adsorption of phosphate anions,
adsorption of these cations is also observed. The presence of such polyionic adsorption leads to the so-called “super-
equivalent” adsorption and therefore, with each SILD cycle, cations and anions are adsorbed on the surface in an amount

greater than one monolayer.
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FI1G. 4. a - FT-IR spectra of Ce(IV) phosphate coatings on silicon surface obtained using solutions of
(NH4)4CC(SO4)4 and NaH2P04 (1) and (NH4)4C€(SO4)2 and N33PO4 (2) N= 20, b — DR UV-Vis
spectra of Ce(IV) phosphate coatings on quartz surface obtained using (NH4)4Ce(SO,4)4 and NaHsPO4
solutions

When discussing the obtained results, it is also necessary to interpret the effect of formation of microtubes with walls
of Nag.2Ce(OH)2 4(PO4)o.6 - nH20 in the case of the sample obtained as a result of 15 SILD cycles. In our opinion, the
formation of such microtubes occurs at the stage of sample drying due to the fact that the outer part of the synthesized
coating with respect to the substrate has a lower density than that which is in contact with the substrate. Apparently, this
occurs because the inner part of the layer was in contact with reagents for a longer time in total than the outer one. It
is also impossible to exclude the reason for the increase in the coating density due to the formation of various cerium
silicates in the contact zone with the substrate due to partial dissolution of an ultra-thin oxide nanolayer on the silicon
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surface in an alkaline solution of NagPO,. The obtained results, in our opinion, are one of the examples of the formation
of microtubes of inorganic compounds during the drying of planar films with a density gradient across the thickness.
Previously, we observed similar effects using microtubes with other wall compositions [23,24]. It can be assumed that
this effect of the formation of microtubes of inorganic compounds with a microscroll morphology is similar to the effect
of the formation of nanotubes with a nanoscroll morphology, which the authors observed in [25,26] during their synthesis
under hydrothermal conditions. However, in these cases, the twisting of the nanoscrolls was primarily the result of forces
that arose due to differences in the structural properties of individual metal-oxygen polyhedra within their walls.

It is noteworthy that the coatings obtained as a result of 15 SILD cycles are most likely to twist. Apparently, the
thin films of greater thickness are already more mechanically strong and the forces that arise during drying are no longer
sufficient for the layer to twist. On the other hand, the thin films with a smaller thickness are less mechanically strong
and when they are dried, such forces are not yet strong enough for their twisting. In addition, we have noticed that even if
such thin films partially “twist”, the microtubes that form them are not mechanically strong enough and they “collapse”
into planar structures.

Additional and practically significant information can be obtained by analyzing the DR spectra of coatings on the
surface of fused quartz (Fig. 4(b)). In these spectra, a wide absorption band can be observed in the range of 200—400 nm
with an intensity increasing in a series of samples obtained as a result of a greater number of SILD cycles. This absorption
band corresponds to charge-transfer transitions between the O(2p) and Ce(4f) states [27]. It is characteristic that already
after 15 SILD cycles, a significant absorption of UV radiation at a level of 90 percent in the middle UV region, i.e., region
B, is achieved. And this fact, in our opinion, opens up new possibilities for the creation of new, more effective absorbers
of such radiation. Moreover, the optical properties of such coatings can be improved by doping their composition with
various cations and anions. This doping can be relatively easily accomplished by using reagent solutions containing
additives of various salts during synthesis. In particular, we have carried out test syntheses using solutions of salt mixtures
and have shown that Fe(II) cations can be introduced into the composition up to an atomic concentration of 40%, as well
as tungstate anions up to a value of 10% relative to the content of cerium atoms. A more detailed presentation of these
experiments, however, goes far beyond the scope of this article and is therefore not presented here.

4. Conclusion

Successive and alternating treatment of silicon and quartz surfaces using the SILD technique with (NH4)4Ce(SO4)4
and NaH2POy solutions results in the formation of a Ce(OH)PO,4 - nH2O coating with an amorphous crystalline struc-
ture. If a NagPOy solution is used as a reagent instead of NaHPOy, the formation of Nag 2Ce(OH)2 4(POy4)g.¢ - nH20
coatings with an amorphous structure is observed on the substrate surface. It is characteristic that in a series of
Nag.2Ce(OH)5 4(PO4)o.¢ - nH2O samples differing in the number of SILD cycles, the planar morphology of coatings
can be disrupted for the sample obtained as a result of 15 SILD cycles. As it turnes out, formation of microtubes (mi-
croscrolls) is observed on the surface of such a sample due to the “twisting” of individual fragments of the synthesized
thin film. The composition of the noted Ce(IV) phosphates can be doped with various cations and anions by adding
corresponding salts to reagent solutions. This was demonstrated using Fe(II) cations and WO?[ anions as an example.
The study of Ce(OH)POy4 coatings by DR spectroscopy indicates the possibility of creating effective UV absorbers in the
mid-B spectral range based on these coatings.
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ABSTRACT Nanostructured Zny sMng 5Fe2 O, ferrites were synthesized by the glycine—nitrate solution combus-
tion method with the fuel-to-oxidizer ratio f varied from 0.4 to 1.6 in order to clarify the influence of redox
conditions on structure and magnetic properties. X-ray diffraction confirms the formation of single-phase cubic
spinel for all compositions, with the crystallite size changing from ~ 8 to 108 nm and the minimum values
of both crystallite size and lattice parameter (8.420 A) obtained under fuel-deficient conditions (f = 0.4); the
lattice microstrain does not exceed 0.5 %. SEM observations reveal 3 — 5 um agglomerates composed of 30 —
190 nm particles, while EDX analysis shows cation ratios close to the nominal composition. Magnetic mea-
surements at 300 K demonstrate typical soft-magnetic behavior with saturation magnetization ranging from
16.1 to 68.3 emu/qg, residual magnetization from 1.8 to 20.3 emu/g and coercive force from 34.7 to 85.6 Oe, all
efficiently tuned by the fuel content. The highest saturation magnetization is achieved near the stoichiometric
regime (f ~ 0.8 — 1.0), whereas fuel-rich mixtures result in increased coercivity due to microstructural refine-
ment and lattice strain. The established correlations between combustion conditions, structural parameters
and magnetic response show that controlled variation of the fuel ratio is an effective tool for tailoring Zn—-Mn
ferrite nanopowders for low-loss soft-magnetic applications.

KEYWORDS Zn-Mn ferrites, solution combustion, fuel-to-oxidizer ration, crystal structure, microstructure, mag-
netic properties, soft magnetic materials
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1. Introduction

Manganese-zinc ferrites are among the most widely used soft magnetic materials owing to their high initial perme-
ability, relatively large saturation magnetization, high electrical resistivity and low core losses in the low- and medium-
frequency ranges [1,2]. These properties make Mn—Zn ferrites indispensable for electromagnetic components such as
power transformers, inductors, electromagnetic interference (EMI) filters, read-write heads and antenna cores in both
civil and military electronics [3]. In addition to traditional bulk components, Mn—Zn ferrite nanopowders are increasingly
considered for microwave absorbers, ferrofluids and biomedical systems, where the combination of moderate magnetiza-
tion, chemical stability and low toxicity is especially attractive [4—6].

It is now well recognized that the magnetic performance of spinel ferrites is strongly governed not only by their
chemical composition, but also by cation distribution between A and B sublattices, crystallite size, porosity and grain-
boundary characteristics [7]. When the characteristic size of ferrite particles approaches the single-domain range, changes
in coercivity, saturation magnetization and loss behaviour are observed because of surface spin disorder and the increasing
role of magnetocrystalline anisotropy [8]. Therefore, the development of reliable routes for synthesizing nanosized Mn—
Zn ferrites with controlled particle size distribution and minimal secondary phases remains a key issue for tuning their
functional properties and for decreasing the sintering temperature in ceramic processing [9, 10].

A variety of wet-chemical techniques have been proposed to produce ferrite nanopowders, including sol-gel and
Pechini routes, co-precipitation, hydrothermal and solvothermal synthesis, microemulsion methods and different types
of combustion approaches [11-14]. Conventional solid-state ceramic methods, while technologically simple, typically
require high calcination temperatures and prolonged heat treatments, which often lead to coarse grains, broad size distri-
butions and inhomogeneous cation distribution [15]. Wet-chemical routes usually provide better mixing at the molecular
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level and lower synthesis temperatures, but they may suffer from complicated multi-step procedures, the need for com-
plexing agents or surfactants, and difficulties in scaling up [16].

Among these techniques, solution combustion synthesis has attracted particular attention as a simple, low-cost and
energy-efficient route for producing nanosized oxide powders [17]. In this method, aqueous solutions containing oxidizing
metal nitrates and an organic fuel are ignited to initiate a self-sustaining exothermic reaction that yields the desired oxide
product within a few seconds [18]. The high local temperature and rapid gas evolution during combustion typically
produce highly porous, weakly agglomerated powders composed of fine crystallites, while the intimate mixing in the
precursor solution ensures good chemical homogeneity [19]. For ferrite systems, solution combustion offers additional
advantages of short synthesis time, easy control of stoichiometry and the possibility of tailoring the microstructure by
adjusting the composition of the reactive mixture [20,21].

Glycine is one of the most commonly used fuels in nitrate-based combustion systems because it can simultaneously
act as a fuel, a complexing agent and a dispersant [22—-24]. The so-called glycine-nitrate process allows effective chelation
of metal cations, which reduces segregation and facilitates the formation of single-phase spinel ferrites at relatively low
post-combustion temperatures [25]. Nevertheless, the characteristics of the resulting nanopowders strongly depend on
the redox balance of the reacting system, usually expressed by the fuel-to-oxidizer ratio (Red/Ox ratio or f value) [26].
This parameter governs the adiabatic combustion temperature, the number of gaseous products released and the flame
propagation rate, thereby affecting the crystallite size, morphology, defect structure and even the cation distribution in the
final oxide [27,28].

Several studies have reported the synthesis of Mn—Zn ferrites by different combustion routes using urea, glycine,
citric acid and other fuels [29-31]. It has been shown that the choice of fuel and the calcination conditions significantly
influence the structural and magnetic properties, including saturation magnetization, coercivity and Curie temperature.
However, in many works the fuel content is fixed close to the stoichiometric value, and only limited information is
available on how systematic variation of the Red/Ox ratio affects the structural parameters and magnetic behaviour of
Mn—Zn ferrite nanopowders, especially in the glycine—nitrate system. Existing reports mainly focus either on phase
formation and crystallite size or on magnetic properties, without establishing a clear correlation between combustion
conditions, structural peculiarities and macroscopic magnetization characteristics [32,33].

The composition Zng 5Mng 5Fe20y is of particular interest among Mn—Zn ferrites, since it lies in the concentration
range where high saturation magnetization and low losses can be combined with relatively high electrical resistivity [34].
In the nanoscale state, Zny s Mng 5FeoO4 can exhibit size-dependent transitions between multi-domain, single-domain and
superparamagnetic regimes, which are attractive for applications in high-frequency absorbers, magnetic recording media
and biomedical hyperthermia [35]. At the same time, the non-equilibrium conditions inherent to combustion synthesis
may alter the Mn**/Mn>" and Fe?/Fe3* ratios and redistribute cations between tetrahedral and octahedral sites, thus
providing an additional tool for tailoring the magnetic response [36].

Therefore, a detailed study of how the Red/Ox ratio in glycine-nitrate combustion affects the formation of
Zny 5Mng 5FesO4 nanopowders, their microstructure and magnetic properties is both fundamentally and practically im-
portant. By establishing such correlations, it becomes possible to optimize synthesis parameters for obtaining nanopow-
ders with the required combination of crystallite size, lattice parameter and magnetic characteristics for specific device
applications [37].

In this work, nanostructured Zng s Mng 5Fe2O4 powders were synthesized via the glycine-nitrate solution combustion
method with the fuel-to-oxidizer ratio f varied from 0.4 to 1.6, where f = 1.0 corresponds to the stoichiometric com-
position of the redox mixture. The structural properties were investigated by X-ray diffraction and Rietveld refinement,
including the evaluation of crystallite size, lattice parameter and lattice strain. The morphology and particle size distri-
butions were studied using scanning electron microscopy and image analysis, and the cation composition was verified by
energy-dispersive X-ray spectroscopy. Finally, the magnetic behaviour at room temperature was examined by vibrating-
sample magnetometry in fields up to 400 Oe in order to determine saturation magnetization, residual magnetization and
coercive field. The results obtained make it possible to elucidate the role of combustion redox conditions in controlling
the structural evolution and magnetic response of Zn—Mn ferrite nanopowders and to propose guidelines for the design of
soft magnetic materials synthesized by solution combustion routes.

2. Experimental

Zng 5Mng 5Fe2O4 nanoparticles were synthesized by the glycine-nitrate solution combustion method. Zinc nitrate
hexahydrate Zn(NOj3)5-6H2O, manganese nitrate hexahydrate Mn(NO3)2-6H20 (99.99 %), iron(I1I) nitrate nonahydrate
Fe(NO3)3-9H20 (99 %), glycine CH,NH>,COOH and nitric acid HNO3 were used as starting reagents without further
purification. The required molar amounts of metal nitrates corresponding to the nominal composition Zng sMng 5FeaO4
were weighed and dissolved in 50 mL of distilled water to obtain precursor solutions for 1 g of oxide powder. To
ensure complete dissolution of the crystalline hydrates and to avoid precipitation of basic salts, 5 mL of 5 M HNO3 were
slowly added under vigorous magnetic stirring. The total oxidizing and reducing valences of nitrates and glycine were
calculated according to the conventional propellant chemistry approach, and the amount of fuel was adjusted to obtain
fuel-to-oxidizer ratios f = 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6, where f = 1.0 corresponds to the stoichiometric redox
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composition. The as-prepared solutions were continuously stirred for 20 — 30 min until a clear homogeneous sol was
obtained.

For combustion synthesis, each precursor solution was transferred into a cylindrical porcelain crucible and heated on
a hot plate up to ~200 °C to evaporate the excess water and form a viscous gel. Further heating initiated self-sustained
combustion, which proceeded rapidly throughout the volume of the gel, accompanied by the release of large amounts of
gaseous products and the formation of a voluminous, highly porous ash. No external oxidizing atmosphere was supplied;
the reaction was carried out in air at ambient pressure. The as-combusted powders were gently crushed in an agate mortar
and subsequently homogenized in a vibratory mill for 30 min to break soft agglomerates and to obtain a more uniform
particle size distribution. In order to remove possible residual carbon and to improve crystallinity, the powders were
additionally calcined in air at 600 °C for 2 h with a heating rate of 5 °C/min and then cooled to room temperature inside
the furnace.

Phase composition and structural parameters of the synthesized powders were investigated by X-ray diffraction
(XRD). Diffraction patterns were collected at room temperature on a Bruker D2 Phaser diffractometer using monochro-
matic Co-Ko radiation (A = 1.7903 A) operated at 30 kV and 10 mA. The data were recorded in the 26 range from 10°
to 80° with a step of 0.02° and a counting time of 1 s per step. The raw diffraction profiles were corrected for background
and instrumental broadening before further analysis. The crystal structure was refined assuming a cubic spinel phase with
space group Fd3m. The lattice constant a, average crystallite size D and microstrain (3 were determined using the Topas
software package by profile fitting of the most intense reflections (220), (311), (400), (422), (511) and (440). The values
of D were obtained from the integral breadth of the diffraction peaks, taking into account both size and strain broadening
contributions.

The morphology of the combustion-derived powders and the size of individual particles were examined by scanning
electron microscopy (SEM) on a Tescan Mira 3 LMH microscope. Before observations, the powders were ultrasonically
dispersed in ethanol, deposited onto a carbon-coated aluminium stub and sputtered with a thin conductive Au/Pd layer.
For each composition, several representative micrographs at different magnifications were recorded to visualize both the
agglomerate structure and the underlying primary particles. Particle size distributions were obtained by measuring the
equivalent circle diameters of at least 400 — 500 particles using the ImageJ software. The resulting histograms were fitted
by log-normal functions to determine the average particle diameter (D) and the standard deviation for each f value.

In addition to SEM-based measurements, the hydrodynamic size of particles in suspension was evaluated by dynamic
light scattering. For this purpose, the powders were dispersed in distilled water with a small addition of ethanol and
0.1 wt.% sodium dodecyl sulfate as a surfactant, followed by ultrasonication for 15 min in an ultrasonic bath. The
measurements were carried out at room temperature in disposable polystyrene cuvettes, and the particle size distributions
were obtained from the autocorrelation function of scattered light intensity assuming a spherical particle model. These
data were used to assess the degree of agglomeration in the as-combusted powders and to compare with the SEM-derived
particle size distributions.

The elemental composition and cation ratios in the synthesized ferrites were analyzed by energy-dispersive X-ray
spectroscopy (EDX) using an Oxford Ultim MAX 100 detector attached to the SEM. For each sample, spectra were
acquired from several regions with an area of 50 — 100 um? to obtain statistically reliable results. Quantitative analysis
was performed using the manufacturer’s software with ZAF corrections, and the obtained atomic fractions of Mn, Zn
and Fe were compared with the nominal stoichiometry. Special attention was paid to the possible presence of impurity
cations or secondary phases; however, within the detection limit of the method no significant deviations from the nominal
composition were observed.

Magnetic properties of Zng sMng 5Fe2O4 nanopowders were studied using a Lake Shore vibrating sample magne-
tometer. Room-temperature hysteresis loops were recorded in external magnetic fields from —400 to +400 Oe. Prior
to measurements, the powders were pressed into small cylindrical pellets and fixed in a non-magnetic sample holder to
minimize mechanical vibrations. The magnetization was measured as a function of applied field with a step of 10 Oe
near the coercive region and 50 — 100 Oe at higher fields. The experimental M (H ) loops were further processed using
MeasureLINK-MCS and Curve Handler software. From the corrected loops, the saturation magnetization M, remanent
magnetization M, and coercive field H,. were determined according to standard procedures. All magnetic parameters
were normalized to the mass of the sample measured with accuracy better than 0.1 mg.

For convenience, the samples synthesized at different fuel-to-oxidizer ratios are hereafter denoted as f = 0.4, 0.6, 0.8,
1.0, 1.2, 1.4 and 1.6, respectively. All processing parameters (solution volumes, heating profiles, dispersion conditions
and measurement settings) were kept identical for the whole series so that the only intentional variable was the value of f.
This approach makes it possible to attribute the observed differences in microstructure and magnetic response directly to
the change in redox conditions during combustion, rather than to uncontrolled variations in post-synthesis treatment.

3. Results and discussion

The SEM micrographs in Fig. 1(a—g) demonstrate that all Zng 5Mng 5Fe2O4 powders obtained by glycine-nitrate
combustion consist of highly porous, weakly sintered agglomerates formed by much finer primary particles. At low
magnification, the powders appear as irregular flakes or cauliflower-like granules with typical sizes of several micrometres
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(5 — 20 pm). The agglomerates are rather fragile and easily fragmented during sample preparation, which is consistent
with the loose, foamy character of combustion products. Higher-magnification insets reveal that the surface of these
agglomerates is built from nearly equiaxed nanoparticles with sizes of a few tens of nanometres; these observations
correlate well with the particle size distributions discussed below.

Despite the variation of the fuel-to-oxidizer ratio, the overall morphology of the powders remains qualitatively similar.
For the most fuel-lean composition (sample a, f = 0.4) the agglomerates are relatively compact, with a plate-like shape
and a moderately developed system of interparticle pores. The primary particles in this sample tend to form contiguous
clusters and necks, indicating partial sintering during the comparatively mild combustion process. In contrast, increasing
f to 0.6 (sample b) leads to more open, sponge-like agglomerates with large voids and thin walls. Such morphology
suggests a more vigorous gas evolution and higher local combustion temperature, which promote fast expansion of the
reacting mass and generate a finer internal texture.

Near the stoichiometric mixture (f = 0.8 and 1.0, samples ¢ and d) the powders retain a highly porous structure,
but the agglomerates become more rounded and their surface is covered by densely packed nanoparticles. The insets
show that the primary particles are relatively uniform in size and exhibit smooth faceted outlines, indicating improved
crystallinity. The voids inside the agglomerates are more homogeneous and form a network of channels that can facilitate
mass transport during subsequent sintering. Such morphology is favourable for obtaining dense ceramics at reduced
temperatures.

For fuel-rich mixtures (f > 1.2, samples e—g) the morphology again changes slightly. Sample e (f = 1.2) still shows
loose flake-like agglomerates, but their surface becomes rougher, and some regions contain fused clusters of nanoparticles,
presumably due to local overheating. In sample f (f = 1.4) nearly spherical granules with a relatively smooth outer shell
are observed against a background of fine powder. These globular agglomerates likely originate from partial melting and
shrinkage of the combustion foam when the reaction temperature is close to, or exceeds, the softening point of the oxide
skeleton. For the highest fuel content (f = 1.6, sample g) the agglomerates again acquire an elongated cauliflower-like
shape; their surface is covered with compact aggregates of nanoparticles, while the inner porosity becomes somewhat less
pronounced, which may indicate enhanced sintering in the hottest combustion conditions.

Energy-dispersive X-ray analysis summarized in the table on the left of Fig. 1 confirms that, regardless of the redox
conditions, the cation composition of all samples is close to the nominal Zny 5sMng 5Fe2Oy4 stoichiometry. The Mn and Zn
contents vary in narrow ranges around 17 at.% each, whereas the Fe content remains close to 65 at.% for all specimens.
These small deviations are within the typical experimental uncertainty of EDX measurements for light elements and do
not show any systematic trend with f. Furthermore, no regions enriched in a particular cation were detected in mapping
mode, which indicates a good macroscopic homogeneity of the combustion-derived powders and the absence of large
segregated secondary phases, in agreement with the XRD data.

Thus, SEM observations reveal that varying the fuel-to-oxidizer ratio in the glycine-nitrate system does not radically
change the general foamy morphology of the Zn—Mn ferrite powders, but noticeably influences the degree of porosity,
the shape of agglomerates and the extent of local sintering. Fuel-lean mixtures produce somewhat denser plate-like
agglomerates, while stoichiometric and moderately fuel-rich compositions yield highly porous, uniform foam structures
composed of well-crystallized nanoparticles. At very high fuel contents partial collapse and rounding of the agglomerates
occur, reflecting more intense combustion. These morphological features, combined with the essentially constant cation
stoichiometry, provide a basis for understanding the trends in particle size distributions and magnetic properties discussed
in the following sections.

Figure 2 summarizes the particle size distributions of the Zny sMng sFe2O4 powders derived from the SEM images in
Fig. 1. In all cases the histograms can be satisfactorily fitted by a single log-normal function, indicating that the powders
consist mainly of one population of primary particles and that no pronounced bimodality is introduced by the combustion
process. The distributions are moderately narrow, with most particles lying in the 40 — 130 nm range, and only a small
fraction of larger particles forming a long tail attributed to limited neck growth or local aggregation.

For the fuel-lean composition (f = 0.4, Fig. 2a) the average particle diameter is (D) = 66.6 nm, with a symmetric
distribution centered at 60 — 70 nm. A slight decrease of (D) to 63.2 nm is observed when the fuel content is increased
to f = 0.6 (Fig. 2b); in this case the peak becomes somewhat sharper and shifts to smaller diameters, consistent with a
more fragmented, highly porous morphology. The largest particles are obtained near the stoichiometric redox ratio. For
f = 0.8 and 1.0 (Fig. 2(c,d)) the mean diameters rise to 85.1 and 87.7 nm, respectively, and the histograms broaden
towards 120 — 180 nm, reflecting more intensive growth and partial coalescence of crystallites under the hottest and
longest-lasting combustion conditions.

Further increase of the fuel content leads again to a reduction of the particle size. For f = 1.2 (Fig. 2e) the mean
value drops to 74.8 nm, while for f = 1.4 the smallest particles in the series are obtained, with (D) = 56.3 nm and a
relatively narrow peak located around 50 — 60 nm (Fig. 2f). At the highest fuel ratio (f = 1.6, Fig. 2g) the distribution
broadens slightly and (D) increases to 62.1 nm, indicating some coarsening but still remaining below the values for the
stoichiometric mixtures.

The data demonstrate a non-monotonic dependence of particle size on the fuel-to-oxidizer ratio: the powders pre-
pared under stoichiometric conditions are coarser, whereas both fuel-deficient and strongly fuel-rich mixtures yield finer
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F1G. 1. SEM micrographs of Zng sMng 5FeoO4 powders obtained by glycine-nitrate combustion at
different fuel-to-oxidizer ratios: (a) f = 0.4, (b) 0.6, (c) 0.8, (d) 1.0, (e) 1.2, (f) 1.4 and (g) 1.6 (main
images — agglomerates, insets — primary particles). The table on the left summarizes the EDX-derived
cation composition for each sample, confirming stoichiometry close to the nominal Zngy 5sMng 5FesO4
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FIG. 2. Particle size distributions of Zng s Mng 5Fe2O, nanoparticles obtained by glycine-nitrate com-
bustion at different fuel-to-oxidizer ratios f, constructed from SEM micrographs in Fig. 1: (a) f = 0.4,
(D) 66.6 nm; (b) f = 0.6, (D) = 63.2 nm; (¢c) f = 0.8, (D) = 85.1 nm; (d) f = 1.0,
(D) 87.7nm; (e) f = 1.2, (D) = 748 nm; (f) f = 1.4, (D) = 56.3 nm; (g) f = 1.6,
(D) = 62.1 nm. Solid lines represent log-normal fits to the experimental histograms

nanoparticles. This behaviour can be rationalized by the competition between combustion temperature, gas evolution and
quenching rate. The observed trends in (D) will directly influence the magnetic properties discussed below, since they
determine the balance between single-domain behaviour and interparticle interactions in the nanoferrite powders.

Figure 3 combines the X-ray diffraction patterns of the Zng sMng 5Fe2O4 powders (left) with the crystallite size
distributions obtained from line-broadening analysis (right), thus providing an integral picture of their structural evolution
with changing fuel-to-oxidizer ratio f. The diffraction patterns of all samples exhibit a set of well-resolved reflections that
can be indexed to a single cubic spinel phase with space group Fd3m. The most intense peaks correspond to the (220),
(311), (400), (422), (511) and (440) planes, positioned at Bragg angles characteristic of Mn—Zn ferrites. No additional
reflections attributable to secondary oxide phases such as FeoOs, MnO,, or ZnO are detected within the experimental
sensitivity, and the diffuse background remains low, indicating that the amount of amorphous material does not exceed
a few percent. This confirms that glycine-nitrate combustion followed by a mild calcination step is sufficient to produce
phase-pure Zn—Mn ferrite over the whole range of redox conditions explored.

Although the phase composition is identical, the peak profiles and relative intensities exhibit noticeable changes
with f. The pattern of the most fuel-lean sample (f = 0.4) shows the broadest reflections and somewhat lower peak
intensities, suggesting a smaller average crystallite size and/or higher microstrain in this powder. At the same time, a slight
increase of background at low angles can be seen, which may be associated with a minor amorphous fraction formed under
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less exothermic combustion conditions. As the fuel content is increased to f = 0.6 — 1.0, the diffraction peaks become
significantly sharper and more intense, reflecting improved crystallinity and growth of coherently diffracting domains.
For the stoichiometric mixture (f = 1.0) the reflections, especially (311), are the narrowest in the series, consistent
with the highest combustion temperature and longest effective dwelling time in the reaction front. Further enrichment in
fuel (f = 1.2 — 1.6) results in a moderate broadening again, pointing to partial refinement of crystallites and possibly an
increase of lattice defects caused by more violent gas release and faster quenching of the reaction products. No appreciable
systematic shift of the main peaks is observed by eye, which implies that variations of the lattice parameter with f are
rather subtle and will be quantified in the next figure.

The right-hand panel of Fig. 3 presents the size distributions of the coherently diffracting domains derived from the
XRD data using a model assuming log-normal statistics. All distributions are unimodal, indicating that each powder
is characterized by a dominant crystallite size rather than a superposition of several populations. For the fuel-deficient
sample (f = 0.4, red curve) the distribution is very narrow and centered at relatively small sizes, on the order of a few
tens of nanometres; this agrees with the pronounced peak broadening seen in its diffraction pattern. The high density of
small crystallites is expected for a combustion route with reduced heat release, where the temperature is insufficient to
drive extensive domain growth.
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F1G. 3. (a) X-ray diffraction patterns of Zny 5 Mng 5Fe2O4 powders synthesized by glycine-nitrate com-
bustion at different fuel-to-oxidizer ratios f = 0.4 — 1.6, showing single-phase cubic spinel structure;
(b) corresponding crystallite size distributions obtained from XRD line-broadening analysis and fitted
with log-normal functions

When the fuel content is adjusted to f = 0.6 and 0.8 (green and blue curves), the distributions broaden and their
maxima shift to larger sizes, reaching several hundred nanometres for the nearly stoichiometric composition. The long
right-hand tails extending up to the micrometre range are indicative of a small fraction of oversized domains or strongly co-
alesced crystallites that have grown at the highest local temperatures inside the combustion front. This tendency correlates
with the narrowing of the diffraction peaks and reflects more effective coarsening under near-stoichiometric conditions.

At even higher fuel ratios (f = 1.2 — 1.6, olive, brown and orange curves) the mode of the distribution’s shifts
back towards smaller crystallite sizes and the high-size tail becomes less pronounced. In other words, strongly fuel-rich
mixtures yield a microstructure in which the majority of domains are significantly finer than in the stoichiometric case,
despite the overall exothermicity of the reaction being higher. Such behaviour can be explained by the competing influence
of rapid gas evolution and quenching: very intense combustion generates highly expanded foam that cools down quickly,
limiting the time available for crystal growth and favouring the formation of numerous small domains. At the same time,
the presence of some broader distributions for these samples suggests an increased contribution of defect-rich or strained
crystallites.

The XRD patterns and crystallite size distributions in Fig. 3 demonstrate that the Red/Ox ratio in the glycine-nitrate
system is a powerful tool for tuning the structural state of Zny sMng 5Fe2O4 nanopowders. All compositions remain
single-phase cubic spinel, but the average size of coherently diffracting domains and the width of their distributions change
in a non-monotonic manner: fuel-lean and strongly fuel-rich conditions produce finer crystallites, whereas mixtures close
to stoichiometric favour their growth and partial coalescence. These structural differences are expected to have a direct
impact on the magnetic behaviour of the powders, influencing both saturation magnetization and coercivity through the
balance between single-domain and multi-domain particles and the level of lattice strain.

Figure 4 summarizes how the main structural parameters of the Zny sMng 5Fe2O4 powders depend on the fuel-to-
oxidizer ratio f. The red symbols represent the average crystallite size D obtained from XRD line-broadening analysis,
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the green symbols show the lattice parameter a, and the blue symbols correspond to the lattice microstrain 3. Together,
these data provide a quantitative description of how the redox conditions during combustion control the structural state of
the ferrite.

The crystallite size exhibits a pronounced non-monotonic behaviour with f. For the most fuel-lean mixture (f = 0.4)
the crystallite size is very small, on the order of 8 — 10 nm, which is consistent with the strong peak broadening in the
corresponding diffraction pattern and with the fine microstructure observed by SEM. Such small domains are typical for
combustion reactions proceeding at relatively low adiabatic temperatures, where the energy released is sufficient to form
the spinel phase but insufficient for extensive grain growth. When f increases to 0.6 and 0.8, D rises steeply to ~35 and
~60 nm, respectively, reflecting the enhancement of flame temperature and the longer time available for coarsening of
the oxide skeleton. The maximum crystallite size (~75 — 80 nm) is reached at f = 1.0, i.e. under almost stoichiometric
redox conditions, where the balance between heat release and gas evolution is optimal for growth of coherently diffracting
domains. A further increase of fuel content leads to a gradual refinement of the structure: D decreases to ~50 nm
at f = 1.2, reaches a local minimum of ~20 — 25 nm at f = 1.4 and then slightly increases again to ~40 nm at
f = 1.6. This reduction in crystallite size at high f is attributed to more violent gas evolution and faster quenching of the
combustion foam, which freeze the structure before large domains can form.

The variation of the lattice parameter a with f is less pronounced but still clearly systematic. For f = 0.4 the lattice
constant is close to 8.418 — 8.420 A. Upon increasing f to 0.6 and 0.8, a grows to ~8.435 and ~8.450 A, respectively,
and reaches a maximum of about 8.453 — 8.454 A for the stoichiometric mixture. With further fuel enrichment the lattice
parameter slightly decreases, remaining in the range 8.445 — 8.452 A. These modest changes can be related to a subtle
modification of cation valence states and distribution between tetrahedral and octahedral sites, caused by differences
in local oxygen partial pressure and cooling rate. Fuel-lean conditions favour a more oxidizing environment and may
increase the fraction of smaller Fe** and Mn®* cations, leading to a contracted lattice. Near-stoichiometric combustion,
where the temperature is highest and the redox balance is closer to equilibrium, promotes a configuration with a larger
average ionic radius and thus a larger unit cell. In very fuel-rich mixtures partial reduction of iron and manganese and the
formation of oxygen vacancies may again reduce a.
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FI1G. 4. (a) Dependence of crystallite size (D, red triangles, left axis), lattice parameter (a, green
squares, middle axis) and lattice strain (5, blue circles, right axis) of Zng sMng 5Fe2O4 powders on
the fuel-to-oxidizer ratio f, as obtained from XRD line-profile analysis

The microstrain 3, plotted on the right axis, complements this picture. At f = 0.4 the strain is relatively high
(~0.47 - 0.50 %), indicating a considerable density of defects and local distortions in the small crystallites formed under
fuel-deficient conditions. When f is increased to 0.6, 3 drops sharply to ~0.26 %, reflecting more uniform crystallization
and partial annealing of defects as the combustion temperature rises. For f = 0.8 and 1.0 the strain increases again
up to ~0.40 — 0.42 %, which may be associated with faster crystal growth and incorporation of non-equilibrium cation
distributions into the lattice at the highest temperatures. In the fuel-rich region (f > 1.2) 8 shows a moderate minimum
around f = 1.4 and then rises once more at f = 1.6, suggesting that intense gas evolution and rapid quenching introduce
additional dislocations and lattice distortions even though the crystallite size is reduced.

Figure 4 demonstrates that the structural parameters of glycine-nitrate derived Zny s Mng 5FeoOy4 are highly sensitive
to the fuel-to-oxidizer ratio. Fuel-lean combustion yields very small, strongly strained crystallites with a slightly con-
tracted lattice; near-stoichiometric conditions produce the largest domains and the maximum lattice parameter; strongly
fuel-rich mixtures again lead to finer, more defective crystallites and a slight lattice contraction. These trends provide an
important link between the combustion conditions and the magnetic behaviour of the powders, since both crystallite size
and lattice strain critically influence saturation magnetization and coercivity in nanostructured ferrites.
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Figure 5 presents the room-temperature magnetization curves M (H) for the Zny sMng 5Fe2O,4 nanopowders syn-
thesized at different fuel-to-oxidizer ratios f. All samples exhibit typical S-shaped hysteresis loops that are narrow and
symmetric with respect to the origin, confirming that the powders behave as soft ferrimagnetic materials. In the applied
field range of 5 — 6 kOe the magnetization gradually approaches a quasi-saturation plateau, but does not reach a per-
fectly horizontal region, indicating that some spin canting and surface disorder remain in these nanostructured ferrites.
The relatively small loop area for all compositions implies low hysteresis losses, which is advantageous for applications
in low- and medium-frequency magnetic devices.

Despite the overall similarity of the loop shapes, there is a pronounced dependence of the magnetization level on
the Red/Ox ratio. The fuel-lean sample with f = 0.4 displays the lowest saturation magnetization: its M (H) curve lies
well below the others and reaches only a modest magnetization even in the maximum applied field. This behaviour is
consistent with its very small crystallite size and relatively high lattice strain, which enhance surface spin canting and
disturb the long-range superexchange interactions between cations in the A and B sublattices. As f increases to 0.6 and
0.8 the loops shift upward; the powders synthesized near the stoichiometric composition (f = 0.8 — 1.0) show the highest
magnetization values in the entire series. For these samples the steeper initial slope and higher magnetization at high
fields indicate a more coherent alignment of spins, facilitated by larger crystallites and reduced fraction of magnetically
disordered surface atoms. When the fuel content is further increased to 1.2 — 1.6, the magnetization at a given field slightly
decreases again, in line with the partial refinement of crystallite size and the increased defect density inferred from the
structural analysis.

The inset in Fig. 5 magnifies the low-field region around the origin, making it possible to compare coercivity and
remanence for the different compositions. All loops intersect the magnetization axis at small positive and negative coer-
cive fields, confirming their soft-magnetic character. Nevertheless, distinct trends with f can be identified. The sample
synthesized at f = 0.4 shows the smallest coercive field and an almost linear passage through the origin, which is typical
of very fine particles approaching the superparamagnetic or single-domain limit, where magnetization reversal occurs
predominantly via coherent rotation and thermal activation. The remanent magnetization of this powder is also minimal,
giving a very low M,. /M, ratio (“squareness”), in agreement with the predominance of superparamagnetic-like particles
and the wide distribution of anisotropy axes.

As the fuel-to-oxidizer ratio is increased to 0.6 — 1.0, the loops become progressively more “square’: the intercept
of the M (H) curve with the magnetization axis at zero field moves to higher values, and the slope in the vicinity of
the coercive field becomes steeper. This indicates an increase in the fraction of stable single-domain or small multi-
domain grains with well-defined anisotropy, for which magnetization reversal proceeds via domain wall motion and
nucleation. The coercivity in this region is moderate but clearly larger than for f = 0.4, reflecting the strengthening
of magnetocrystalline anisotropy and pinning effects as crystallites grow and internal stresses redistribute. For fuel-rich
compositions (f > 1.2) the loops slightly contract in width again, suggesting a partial reduction of coercive field, while the
remanence remains at a relatively high level. Such behaviour can be attributed to the coexistence of smaller, more easily
reversible particles with larger grains containing pinned domain walls, consistent with the bimodal structural features
inferred from XRD and SEM.
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FIG. 5. (a) Room-temperature hysteresis loops M (H) of Zng 5sMng 5Fe204 nanopowders synthesized
by glycine—nitrate combustion at different fuel-to-oxidizer ratios (f = 0.4 — 1.6); inset shows an en-
larged low-field region used to determine coercive field and remanent magnetization
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Figure 5 demonstrates that the magnetic response of combustion-derived Zng 5Mng 5Fe2O4 nanopowders can be
effectively tuned by varying the fuel-to-oxidizer ratio in the glycine-nitrate system. Fuel-lean conditions lead to very soft,
weakly magnetized powders dominated by ultrafine, strongly disordered grains. Near-stoichiometric mixtures provide the
highest magnetization and moderate coercivity, which is optimal for many soft-magnetic applications. Strongly fuel-rich
conditions again decrease the magnetization and slightly reduce the coercivity, reflecting the complex interplay between
crystallite size, lattice strain and cation distribution. The correlations between these magnetic characteristics and the
structural parameters discussed earlier highlight the key role of combustion redox conditions in designing nanostructured
Mn—Zn ferrites with tailored functional properties.

Figure 6 presents the quantitative magnetic parameters extracted from the hysteresis loops as a function of the fuel-
to-oxidizer ratio f: (a) coercive field H., (b) remanent magnetization M, and (c) saturation magnetization M. Together
they illustrate how the redox conditions during combustion govern the softness and strength of the magnetic response of
Zny sMng 5Fe2 0,4 nanopowders.
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FIG. 6. (a) Dependence of (a) coercive field (H.), (b) remanent magnetization (M,.) and (c) saturation
magnetization (M) of Zng sMng 5Fe2O,4 nanopowders on the fuel-to-oxidizer ratio f, obtained from
the room-temperature hysteresis loops

The coercive field (Fig. 6a) shows a clear non-monotonic behaviour. For the fuel-lean sample (f = 0.4) H, is only
34.7 Oe, indicating very easy magnetization reversal in a structure dominated by ultrafine, weakly interacting particles.
Increasing f to 0.6 sharply raises H, to 60.6 Oe, reflecting the growth of crystallites and strengthening of magnetocrys-
talline anisotropy and domain-wall pinning. At f = 0.8 and 1.0 the coercivity decreases to 43.2 and 50.4 Oe, respectively,
suggesting that part of the grains become multidomain and magnetization reversal proceeds via more mobile walls. For
fuel-rich compositions f = 1.2 — 1.6 the coercive field increases again, reaching a maximum of 85.6 Oe at f = 1.4 and
slightly dropping to 78.3 Oe at f = 1.6. This rise is consistent with the refined, defect-rich microstructure produced under
strongly exothermic, rapidly quenched combustion, where structural imperfections act as effective pinning centres.

The variation of M, (Fig. 6b) follows a different trend. The fuel-lean sample has an extremely low remanence
of 1.8 emu/g, in line with its nearly superparamagnetic-like behaviour and very small hysteresis loop. When the fuel
ratio increases to 0.6 and 0.8, M, rapidly grows to 16.5 and 20.3 emu/g, respectively, reflecting an increasing fraction
of magnetically stable single-domain or small multidomain grains. In the range f = 1.0 — 1.2 the remanence remains
high (18.8 — 18.4 emu/g), then drops to 13.9 emu/g at f = 1.4 and rises again to 18.2 emu/g at f = 1.6. The reduced
M, for f = 1.4 correlates with the smallest crystallite size and highest coercivity in this region, where stronger random
anisotropy and more pronounced surface spin disorder partially cancel the net magnetization after field removal.

Saturation magnetization M, (Fig. 6¢) also exhibits a pronounced dependence on f. A very low value of 16.1 emu/g
is obtained for the most fuel-deficient sample, confirming that extreme size reduction and high lattice strain strongly
suppress long-range ferrimagnetic order. Near stoichiometry, M increases dramatically, reaching 61.5 emu/g at f = 0.6
and a maximum of 68.3 emu/g at f = 0.8. For f = 1.0 and 1.2 the saturation magnetization remains relatively high (64.5
and 63.7 emu/g), then decreases to 54.4 emu/g at f = 1.4 and partially recovers to 62.1 emu/g at f = 1.6. These changes
mirror the structural evolution: larger, well-ordered crystallites formed at intermediate f minimize surface-spin canting
and yield higher M, whereas both fuel-lean and highly fuel-rich regimes produce smaller, more defective particles with
reduced magnetic moments.

Figure 6 highlights that an optimal fuel-to-oxidizer ratio around f ~ 0.8 — 1.0 provides a combination of high M
and M, with moderate H., characteristic of soft magnetic ferrites. Deviations towards too low or too high f lead either
to weakly magnetized, almost superparamagnetic powders (f = 0.4) or to more coercive, defect-rich materials (f > 1.4),
underscoring the key role of combustion redox conditions in tailoring the functional performance of Zn—Mn nanoferrites.

4. Conclusion

Nanostructured Zngy s Mng 5Fe2O,4 powders were successfully synthesized by the glycine-nitrate solution combustion
method with the fuel-to-oxidizer ratio varied in a wide range, f = 0.4 — 1.6. Regardless of the redox conditions, XRD
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confirmed the formation of a single-phase cubic spinel, while SEM revealed highly porous agglomerates composed of
nanosized primary particles with compositions close to the nominal stoichiometry. Systematic variation of f led to pro-
nounced changes in crystallite size, lattice parameter and microstrain: fuel-lean and strongly fuel-rich mixtures produced
finer, more strained crystallites with slightly contracted lattices, whereas near-stoichiometric conditions promoted the
growth of larger domains and maximized the lattice constant.

These structural modifications were directly reflected in the magnetic response at 300 K. All samples exhibited soft-
ferrimagnetic behaviour with relatively narrow hysteresis loops, but the absolute values of the magnetic parameters were
strongly dependent on f. The saturation magnetization varied from 16.1 to 68.3 emu/g, the remanent magnetization
from 1.8 to 20.3 emu/g and the coercive field from 34.7 to 85.6 Oe. The lowest M, and M, were obtained for the most
fuel-deficient powder, where extreme refinement and high lattice strain suppress long-range ferrimagnetic order, whereas
strongly fuel-rich mixtures showed increased coercivity due to microstructural refinement and defect-induced pinning.
The optimal combination of high M and M,. with moderate H., characteristic of soft magnetic ferrites, was achieved for
f =~ 0.8 1.0, where crystallites are relatively large and structurally well ordered.

Overall, the results demonstrate that the fuel-to-oxidizer ratio in glycine—nitrate combustion is an efficient control
parameter for tailoring both structural and magnetic characteristics of Zn—Mn nanoferrites. By selecting appropriate
redox conditions, it is possible to obtain nanopowders with a desired balance between crystallite size, lattice strain and
magnetic softness, which is crucial for further processing into low-loss cores and functional layers for electromagnetic
devices. The established structure—property correlations provide a useful guideline for designing combustion-derived
ferrites for power electronics, microwave absorbers and other soft-magnetic applications.
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ABSTRACT The paper discusses the features of polymer-nitrate synthesis of fine MgFelnO,4 particles and
presents experimental study results of the physico-mechanical properties of ceramics produced on their basis.
According to powder XRD data, a single-phase ferrite-spinel powder can be obtained only as a result of high-
temperature treatment of an X-ray amorphous precursor prepared by thermal decomposition of a mixture of
polyvinyl alcohol and metal nitrates. Ceramics produced using submicron MgFelnO, particles have a density
close to the theoretical one. The results of microhardness measurements using the Vickers method showed
that the resulting material has high hardness. The band gap energy of MgFeIlnO, was determined from the
DRS data. Based on the crystallographic and electrophysical characteristics of the synthesized material, its
resistance to radiation-induced structural changes was predicted.
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1. Introduction

The creation of new types of radiation-resistant functional materials suitable for long-term and trouble-free operation
under the influence of various sources of ionizing radiation is an important scientific and practical problem. Its solution
will create new opportunities for research and development in the field of nuclear energy and medicine, radiation control,
and storage of radioactive waste [1-3]. Many years of intensive research [4-6] have shown refractory oxides with a cubic
crystal lattice of the spinel type to be one of the most resistant materials to various types of radiation. Materials based on
aluminum-magnesium spinel MgAl,0O,4 have shown high potential for use in nuclear fission reactors [7,8], as well as inert
matrices for transmutation of actinides [7,9, 10] and optically transparent windows for reactor components [11]. In addi-
tion, it was noted in [12-14] that ferrite-spinels are highly promising for practical application in irradiation environments.
Meillon et al. [14] established that magnetite (Fe3O,4) is extremely resistant to fast neutron irradiation with an energy of
0.1 MeV and a fluence of 2x 10%° neutrons/cm?, which is equivalent to the radiation conditions near a nuclear reactor.

According to Sickafus er al. [15], the excellent radiation tolerance of spinels compared to other materials is due
to the complexity of their chemical composition and the ability to cationic disorder. Therefore, the enhancement of their
radiation damage resistance is possible due to the complication of the chemical composition (e.g., by polycationic doping)
and/or varying the degree of inversion. The cation distribution over tetrahedral and octahedral sublattices of materials
with the spinel structure largely depends on the method of their preparation [16, 17]. Moreover, the degree of inversion
in microcrystalline samples may differ from their nanoscale counterparts [17]. On the other hand, the size of the powder
particles affects the mechanical properties of the materials obtained from them. As it was noted in [18], the strength of
ceramics made from ultrafine powders is higher than that of those produced using standard ceramic technology. Moreover,
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the large fraction of the grain boundaries can serve as an effective sink of point defects formed during irradiation [19,20].
This additionally enables creating both new and improved materials for radiation shields and screens, which are today
widely in demand in medicine and the nuclear industry [21]. Satalkar et al. [22] reported on the high potential of using
nanoscale ferrite-spinels Mn;_,Zn,FeoO4 (z = 0; 0.5; 1) as part of inexpensive lightweight shields designed to protect
against radiation near nuclear facilities. Moreover, the mixed ferrite-spinel composition Mng 5Zng sFe2O4 was least
susceptible to radiation swelling.

According to the literature review, the interest in studying the effect of various irradiation conditions on the structure
and structure-sensitive properties of nanoscale ferrite-spinels has been shown to grow [23-28]. Nevertheless, data on the
study of the radiation damage resistance of mixed magnesium-indium ferrites has not been found. In this regard, as a
starting point for the research work, it is of interest to synthesize and characterize highly dispersed materials based on
MgFe,_ ;In, Oy, in which half of the iron cations are replaced by indium cations. To date, the main approach to produce
mixed MgFes_,In, O, ferrite-spinels is the solid-phase method [29-31]. Naik er al. [32] attempted low-temperature
synthesis of MgFe,_,In,O4 (z = 0 — 0.16) nanoparticles, however, samples with a substitution degree of x = 0.16
contained an admixture of a-Fe;Os. In this paper, the features of polymer-nitrate synthesis of fine MgFes_,In, Oy
particles with a high indium content (z = 0.5) are described for the first time, as well as the results of measuring
microhardness and assessing radiation tolerance of ceramic materials made on their basis are presented.

2. Experimental part
2.1. Synthesis of powder and ceramics of MgFeInO4

Single-phase MgFelnO, powder was obtained by the polymer-nitrate method. Powders of metallic magnesium
(w(Mg) = 99.95 wt. %, National State Standard GOST 804-93) and carbonyl iron (ultra-high purity 13-2, TS 6-09-
05808009-262-92), indium (grade In0, w(In) = 99.998 wt. %, National State Standard GOST 10297-94), polyvinyl alco-
hol (PVA, grade 20/1, National State Standard GOST 10779-78) and nitric acid (ultra-high purity 18-4, National State
Standard GOST 11125-84) were used as starting materials. The magnesium, indium, and carbonyl iron samples were
dissolved in nitric acid previously diluted with distilled water (V' (H2O) : V(HNOs3) = 1 : 3). Freshly prepared solutions of
Mg(NO3)2, Fe(NOj3)s, and In(NOs3)3 were mixed in an evaporating bowl in a ratio of 1 :1 : 1, and then heated on a heating
plate and kept at 90 °C. A stoichiometric amount of polymer was added to the heated solution mixture and continued to
evaporate with constant stirring. Heating was stopped after obtaining a fine red-brown powder. The solid-phase synthesis
products formed (hereinafter referred to as the precursor powder) were cooled, ground in a mortar, and then annealed in
a muffle furnace. To study the effect of the annealing temperature on the phase composition, the precursor powder was
heated to 600, 800, and 1100 °C and kept at these temperatures for at least 4 hours in air. After the heat treatment was
completed, the samples were cooled to ambient temperature together with the furnace. The ceramic material required for
the study of the mechanical properties of MgFeInO,4 was made from a powder that does not contain impurity phases. Be-
fore pressing, it was ground in a mortar, moistened with a few drops of acetone (w(CH3COCH3) = 99.75 wt. %, National
State Standard GOST 2768-84). The resulting mass was transferred to a steel mold, and tablets with a diameter of 14 mm
were formed from it, using a manual hydraulic press. The compacted samples were sintered at 1300 °C for 6 hours in
air. After its completion, the sintered ceramics were left in the furnace until it cooled completely. The actual density
(dops» kg/m3) of the samples obtained was determined geometrically. Their relative porosity (pr, %) was estimated by

the formula:
d
Pra = 100 (1 - ) : (D
XRD

where dxrp (in kg/m?) is the theoretical density of ceramics determined from powder X-ray diffraction data.

2.2. Characterization of the obtained materials

The phase composition of the materials obtained was determined using the powder X-ray diffraction (XRD) method
on a Bruker D8 Advance diffractometer equipped with the LynxEye linear detector. An X-ray tube with a copper anode
(MCuK,) = 1.5418 A) was used as the radiation source. A nickel filter was used to eliminate the CuKg-radiation. The
XRD patterns for all samples studied were recorded at room temperature in the range of angles 26 = 10 — 60° with a
step of 0.0133° and a signal accumulation time of 0.5 s/step. X-ray phase analysis was performed using the ICDD PDF-
2 database and Bruker DIFFRAC. EVA software. The calculation of crystallographic parameters and sizes of coherent
scattering regions (CSR) was performed using Bruker TOPAS 4.2 software.

The microstructure of the synthesized materials was studied using scanning electron microscopy (SEM). SEM images
in the secondary electron detection mode were obtained using an ultra-high-resolution scanning electron microscope
TESCAN AMBER. The freely distributed Gwyddion software [33] was used to analyse the obtained SEM data and to
plot the particle size distribution curve.

Data on the elemental composition of the synthesized magnesium-indium ferrite was obtained by energy dispersive
X-ray spectroscopy (EDS) using an Oxford Instruments Ultim MAX SDD detector.
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The study of ceramic microhardness (H) by the Vickers method was carried out on a LOMO PMT-3M microhardness
tester. Before measurements, the surface of the samples was washed and polished in an aqueous alcohol solution under
ultrasonic treatment. The measurements were conducted with a static load on the indenter equal to 0.49 N (50 g). The
duration of the load application was 10 seconds.

The diffuse reflectance spectra R(A) of the samples in the range of 200 — 950 nm were recorded using the Ocean
Optics modular optical system, which includes a QE65000 spectrometer, an integrating sphere ISP-80-8-R with a diameter
of 80 mm, and a set of optical fibers. The source of the radiation was an HPX-2000 xenon lamp. The Labsphere WS-1-SL
standard made of spectralon was used as a reference standard material. The spectrometer was controlled using the Spectra
Suite software.

3. Results and discussion

3.1. X-ray phase analysis, composition, and structural and morphological characteristics of synthesized
materials

The XRD data for the synthesized precursor powder is shown in Fig. 1. The absence of crystal phase peaks on the
diffractogram obtained (curve 1) indicates its X-ray amorphous structure. This result is accounted for the fact that the
decomposition of products formed by heating a mixture of solutions of metal nitrates and PVA is not accompanied by
combustion (smolder) and is likely to occur at relatively low temperatures [34]. According to [35, 36], this mode of the
process contributes to the formation of thermally stable polymer-metal complexes, and their short-term annealing enables
one to obtain nanocrystalline powders of complex metal oxides at 500 — 800 °C.

O O MgFelnO,4
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F1G. 1. XRD data for the samples obtained after annealing of precursor powder at different tempera-
tures in air

XRD data for the precursor powder after its heat treatment in air at 600, 800, and 1100 °C are shown in Fig. 1
(curves 2—4). The results obtained show that very wide and low-intensity maxima appear on the diffractogram of the
powder annealed at 600 °C (curve 2). According to the X-ray phase analysis, it is a mixture consisting mainly of InoO3
(sp. gr. Ia3, PDF card No. 06-0416) and a small amount of MgFe,_,In,O4 phase with a spinel structure. According
to the calculation results, the average crystallite size in this powder is about 10 nm. An attempt to anneal the X-ray
amorphous precursor at a higher temperature also failed to produce a single-phase ferrite-spinel sample of the composition
required. As can be seen from Fig. 1 (curve 3), the diffractogram of the powder annealed at 800 °C (4 h) shows more
intense, wide maxima related to the MgFes_,In, O4 phase, but it still contains an admixture of InoO3. The amount of
ferrite-spinel in this powder reaches about 80 %, and the average size of its crystallites increases to 30 nm. Moreover, as
the results of our experiments showed, even a threefold increase in the annealing duration at this temperature does not lead
to the production of a single-phase sample of MgFeInOy4. It can be obtained only by increasing the annealing temperature
to 1100 °C. As can be seen from the diffraction pattern of the annealed powder (Fig. 1, curve 4), all diffraction maxima
correspond to MgFelnOy ferrite-spinel (sp. gr. F'd3m, PDF card No. 38-1108). The disappearance of the (111) diffraction
line indicates a very high degree of its inversion, which tends to 1. This result differs from the data obtained by Matvejeff
et al. [31] and is explained by the differences in the chemical and thermal prehistory of the MgFelnO,4 samples being
compared. The parameter a and the unit cell volume V,.;; of synthesized MgFeInO, are 8.6391(6) Aand 644.8(1) A3,
respectively, and its X-ray density dxgp is 5336 kg/m?. Literature data comparison showed that the calculated values are
close to those obtained for samples synthesized by the solid-phase method [30,31].
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The data on the chemical composition of the MgFeIlnO4 sample obtained by the EDS are shown in Fig. 2. It is
obvious that the actual content of magnesium, iron, and indium in it (inset in Fig. 2) almost coincides with the theoretical
one: Wiheor(Mg) = 9.39 wt. %, wineor(Fe) = 21.56 wt. %, and wipeor(Fe) = 44.34 wt. %. Thus, the chemical composition of
the synthesized ferrite-spinel can be represented as Mgy 01+0.08F€0.9940.07In0.99+0.0604.-
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FIG. 2. EDS spectrum of MgFeInO, synthesized by annealing of precursor powder at 1100 °C for
4 hours. Inset: diagram illustrating the elemental composition of the sample (in wt. %), determined
from the EDS data

It is noteworthy that the annealing temperature required to obtain a single-phase MgFeInO4 powder turned out to be
significantly higher than that used for the synthesis of MgFe,O,. A single-phase powder of this spinel was reported to be
formed after annealing the precursor at 700 °C [37]. Similar results were obtained in [38], in which it was successfully
synthesized by calcination of starch-nitrate gel at 550 °C. At the same time, the sol-gel method used in [32] did not
result in obtaining single-phase MgFes_,In, O, nanopowders with x = 0.16 at 600 °C. Previously, we showed [39]
that single-phase Mgln,O4 is formed only after annealing of solid-phase combustion products of a glycine-nitrate gel at
1400 °C. Similar observations were made in [40], where this spinel was obtained by long-term high-temperature annealing
(1300 °C, 60 h) of a precursor synthesized by the oxalate method. It is remarkable that the difference in annealing
temperatures used for the synthesis of MgFes_ . In, O, solid solution boundary compositions is more than 700 °C, and
the minimum annealing temperature required to obtain a single-phase composition with 50 % substitution of indium
cations is about 400 °C higher than for MgFe;O4. The obtained result can be explained as follows. According to [41],
the stable form of magnesium indate occurs only above 1200 °C, and the process of its formation from simple oxides is
endothermic in nature. Therefore, the energy spent on breaking bonds in compounds used for spinel synthesis will exceed
the energy released during the formation of bonds in it. Thus, the formation of Mgln,O,4 requires additional energy
input from the surroundings. Magnesium ferrite, on the contrary, has a negative enthalpy of formation (AH ?yow(970 K) =
—18.5 £ 1.0 kJ/mol [42]). The enthalpy of formation for MgFeInO, is unknown, but according to our results it can be
assumed to be lower than that of MgIn,O,4. Consequently, mixed ferrite can be synthesized at lower temperatures than
Mgln,O4. However, annealing of the precursor powder at high temperatures, as in the case of MglnoO4 [39,40], does
not imply the production of single-phase MgFeInO,4 nanocrystalline powder. Nevertheless, the width and intensity of the
maxima observed on the diffractogram of the powder annealed at 1100 °C (Fig. 1, curve 4) indicate relatively low values
of CSRs.

The results of the microscopic study of the changes occurring in the structure and morphology of the particles of
the X-ray amorphous precursor as a result of annealing at temperatures ranging from 600 to 1100 °C are presented in
Fig. 3(a—c). The microstructure of the nanopowders formed after annealing at 600 and 800 °C (Fig. 3(a) and (b)) exhibits
a sponge-like structure, which makes it difficult to distinguish the contours of individual crystallites. As seen in Fig. 3(c),
increasing the annealing temperature of the precursor powder to 1100 °C led to the formation of MgFeInO, particles that
are fairly uniform in size, though lacking well-defined faceting. The histogram illustrating their size distribution is shown
in Fig. 3(f). The results of fitting these data using a Gaussian distribution function revealed that the average particle size
of the ferrite-spinel synthesized is 0.90 pm.

The ceramics obtained by sintering the compacts of MgFeInO,4 powder at 1300 °C for 6 hours in air had a bulk
density dgps equal to about 4800 kg/m®. The porosity Py, of the sample produced, calculated using Eq. (1), was about
10 %, which indicates its high density.
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FIG. 3. (a—c) SEM images of powders obtained after annealing the precursor powder at 600 °C (4 h),
800 °C (4 h), and 1100 °C (4 h) in air. (d) Particle size distribution curve for the MgFeInO,4 sample
obtained after annealing at 1100 °C (4 h)

3.2. Vickers microhardness

No data on the microhardness of MgFeInO,4 measured by the Vickers method was found in the literature. Based on
the experimental results, the average microhardness value of the produced ceramics was determined to be 676 HV. It may
be noted that the obtained value of H is close to those measured for magnetite FesO,4 (610 HV) and manganese ferrite
MnFe;O4 (734 HV) [43]. The hardness class of MgFeIlnO,4 was determined according to the relation proposed in [44]:

Hy = 0.675- VH, 2)

where H| is the hardness class of the material on a 15-point scale, in which graphite corresponds to 1 and diamond to 15,
and H is the measured Vickers microhardness of the material. According to the recalculation using Eq. (2), the hardness
class of the synthesized material on the Khrushchov scale is close to 6. From the viewpoint of the rational classification
of materials by hardness proposed in [44], MgFeInO,4 belongs to high-hardness materials.

3.3. Band gap energy

Consider the results of diffuse reflectance spectroscopy for the synthesized ferrite-spinel MgFeInOy4. A typical de-
pendence of the diffuse reflectance coefficient R on the wavelength of incident light A is shown in Fig. 4. To calculate
the band gap energy E,, the Tauc method was employed. The R()) data was presented in the form of the dependence
(F(R)-hv)"™ on hv, where F(R) is the Kubelka—-Munk function, defined as (1 — R)?/2R; h is Planck’s constant; v is the
frequency of the incident radiation; and n is an exponent characterizing the nature of electron transition in the material.
The type of transitions occurring in MgFeInO, is not precisely known; however, as shown in [38,45—47], direct allowed
transitions dominate in the unsubstituted MgFe,O4 and MgIn,O4. Therefore, to determine E,, coordinates corresponding
to the case of direct allowed transitions (n = 2) were used. The result of this analysis is shown in the inset of Fig. 4.

Extrapolation of the linear portion of the resulting curve to the abscissa axis at (F((R)-hv)? = 0 yields a band gap en-
ergy /g = 2.46+0.02 eV. The band gap value obtained (2.46 eV) lies between those reported for MgFe204 (2.1 eV [45])
and Mgln,Oy4 (3.2 eV) [46], confirming the formation of a solid solution based on these spinels and indicating that the
material obtained is a wide-band gap semiconductor.

3.4. Assessment of the radiation tolerance of MgFeInO4

Consider several criteria commonly used to predict the response of solids to high doses of ion impact. Pearton
et al. [48] reported that the materials with smaller unit cell volumes and wider band gaps tend to be more resistant to
ionizing radiation than those with larger cell volumes and narrower band gaps. The values of E; and V,..;; for MgFeInO4
and several other spinel-structured materials are summarized in Table 1.

As noted above, Fe3Oy is considered one of the most radiation-resistant materials [14]; therefore, its parameters
were used as a reference in the analysis of the F, and V. data. It is evident that within the series MgFe;O4 — Fe304
— MgFelnO4 — Mgln,Oy, both of these parameters increase. Although Mgln,O,4 exhibits the widest band gap among
the materials listed, its unit cell volume is 17.7 % larger than that of Fe3O04. The E, and V,.;; values for MgFe,O4 and
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FIG. 4. Diffuse reflectance spectrum of MgFeInO4 measured in the range 200 — 950 nm. Inset: repre-
sentation of the data as a dependence of (F(R) - hv)? on photon energy hv

TABLE 1. Physical properties of some spinel-structured materials

Material Unit cell voéume Band gap Tonicity f Predigted.strugtu.re
Veer, A energy Iy, eV following irradiation
MgFe204 589.32 [38] 2.1 [45] 0.57% -
Fe304 591.86 [49] 2.29 [50] 0.49% Crystal [51]
MgFelnO, 644.8%* 2.46%* 0.58 Crystal**
Mgln,04 696.59 [39] 3.2 [46] 0.59% -

* — determined in this work;

** — predicted structural stability based on the calculated values of ionicity

MgFelnO, are the closest to those of Fe3Oy4; however, for the mixed ferrite-spinel, the deviation in both parameters does
not exceed 9 %. Therefore, materials based on MgFeInO,4 are most likely to exhibit radiation resistance comparable to
that of Fe3O,4 under similar irradiation conditions.

Naguib and Kelly [51] showed that the ability of materials to resist radiation damage correlates with the degree of
bond ionicity, finding that materials with a more ionic bond character are less susceptible to damage under high doses of
ionizing radiation. To put it simply, such materials tend to resist amorphization of the crystal lattice under irradiation. It
was also established in [51] that structural changes are likely to occur if the ionicity value f is less than or equal to 0.47.
The f values for MgFe,O4, MgFelnOy4, and MglnsOy, calculated from the data in [52], are presented in Table 1. For
comparison, the f value for Fe3O,4, determined in [51], is also included. The calculations show that the ionicity in the
series MgFe2O4 — MgFelnO4 — MglIn,O4 exhibits close values, all significantly exceeding 0.47. Moreover, the ionicity
of MgFelnOy is approximately 18.4 % higher than that of Fe30,4, which retains its crystalline structure even under
irradiation [14]. Therefore, it can be inferred that magnesium-indium ferrite possesses radiation stability comparable
to that of magnetite. Thus, the results of this preliminary assessment indicate the promising potential of MgFeInOy4 for
further experimental studies on the effects of various ionizing radiation conditions on its structural and physico-mechanical
properties.

4. Conclusions

A single-phase powder of the mixed ferrite-spinel MgFeInO,4 with submicron particle size was successfully synthe-
sized using the polymer-nitrate method. XRD data obtained for the X-ray amorphous precursor annealed at different
temperatures showed that a single-phase ferrite-spinel powder of the desired composition can be synthesized only at
1100 °C. According to SEM data, the average particle size was approximately 0.90 ;m. The results obtained indicate that
the synthesis of single-phase MgFeInO, in the nanocrystalline form by the polymer-nitrate method is impossible. How-
ever, this approach can be used to produce a compositionally homogeneous submicron ferrite-spinel powder. Moreover,
unlike the solid-state method, it requires significantly less time and energy.
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The MgFelnO,4 powder was used to produce ceramics of the same composition by high-temperature sintering in air.
The density measurements showed that the approach applied enables one to obtain a ceramic material with a relative
density of at least 90 %. Vickers microhardness testing revealed that the average microhardness value was 676 HV.
This corresponds approximately to class 6 on the Khrushchov hardness scale, allowing the material to be classified as
hard. The band gap energy value for MgFeInO, was determined from DRS data. According to the calculation results,
the mixed magnesium ferrite can be attributed to wide bandgap materials (£, = 2.46 eV). The electrophysical and
structural parameters of MgFelnO4 determined in this work made it possible to predict its ability to resist radiation-
induced structural changes. Theoretical analysis showed that this ferrite-spinel is highly likely to retain its crystalline
structure under ionizing radiation exposure. This result confirms the potential of further experimental studies on the
influence of various irradiation conditions on the structure and functional properties of mixed magnesium-indium ferrites.
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ABSTRACT We report on hydrothermal synthesis and structural characterization of Li—-Fe-montmorillonite (MMT).
To date, this 2:1 type phyllosilicate attracts attention due to such properties as high ion mobility, hydrophilicity,
electrical and thermal resistance. Due to that, various MMTs may serve as perspective components of Li-ion
batteries (electrolyte and separator fillers, as well as protective buffer layer on top of Li metal anode). Scarce
data on synthetic Li—-Fe®>T-MMTs motivated us to investigate formation process and structure features of such
phyllosilicate by X-ray diffraction, UV-visible and Mdssbauer spectroscopy, and other methods. We established
critical Fe** content and temperature range needed for almost single-phase MMTs formation. Around 20 %
of total Fe may occupy tetrahedral site of MMT layer. Thermal behavior of Li-Fe-MMT strongly depends on
hydrothermal synthesis conditions because of different Li™ amount present in the interlayer space and in the
layer vacancies.
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1. Introduction

Among the wide variety of layered silicates, the so-called 1:1 and 2:1 phyllosilicates are distinguished. Some 1:1
phyllosilicates, due to their asymmetric layer structure, in which there is one tetrahedral sheet for every octahedral sheet,
are capable of spontaneously scrolling into nanotubes and nanoscrolls [1-4]. As for the 2:1 phyllosilicates, this possibility
is vanished by the conjunction of two tetrahedral sheets and one octahedral sheet between them [5—7]. Despite the
disappearance of asymmetry, such phyllosilicates exhibit other remarkable properties, such as, for example, in the case of
(Ca,Na), (Mg,Fe)2[(ALSi)4019](OH)2 layers with montmorillonite (MMT) structure — the possibility of intercalation of
various cations into the interlayer space in order to compensate for the excess negative charge of the layer. This feature
has led to the widespread use of natural and synthetic MMTs as ion-exchange adsorbents [8—11].

In addition to environmentally hazardous pollutants, the labile interlayer space of MMT is modified by functional
substances of organic nature [12—14], as well as by catalytically active phases and their precursors [15-17].

Another noteworthy practical application of MMT is related to energy storage devices, including lithium-ion bat-
teries [18, 19]. The combination of the dielectric nature of the MMT layer [20], high thermal stability [21], mechanical
properties [22, 23], hydrophilicity due to OH groups and high cation mobility in the interlayer space makes these phyl-
losilicates promising components of separator membranes and semi-solid electrolytes. Thus, a functional coating of a
polypropylene separator based on MMT and polyvinyl alcohol as a binder was proposed in [24]. Lithium ion transport
was achieved more uniformly through the regularized interlayer space of MMT than through the separator’s pore system.
A more uniform ion flow led to a more uniform distribution of ions across the anode surface and to a minimization of
dendrite formation processes. A similar ability to block the growth of dendrites and the associated longer operation of the
battery model with a MMT-based membrane was also noted in [25,26]. The effect of increasing the ionic conductivity
and electrochemical stability of semi-solid electrolytes by introducing MMT phases was noted in [27-29].

Here, we investigate the formation processes of Lis,Feo_2,Mg2,Si4019(OH)2 phyllosilicate under hydrothermal
conditions immediately after the precipitation in excess of LIOH. A number of studies have been devoted to the creation
of Li-containing MMT via ion exchange in the mineral [30-32], while information on the synthesis of these compounds
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by hydrothermal methods is less common. The use of Fe31 cations instead of Al1®T, which are more traditional for MMT,
opens up additional possibilities for changing the charge state (Fe*T/3%), the appearance of a magnetic response, and
monitoring the state of iron using Mossbauer spectroscopy [33]. A separate issue was the assessment of the maximum
FeT content in the phyllosilicate layer, as well as the possibility of substituting Si*™ in the tetrahedral position in analogy
with AT,

2. Materials and methods
2.1. Phyllosilicate synthesis

The synthesis of Lia,Fea_2,Mgs,S14010(OH)s (z = 0.5, 0.6, 0.7, 0.8, 0.9, 1) phyllosilicate consisted of two main
stages: reverse coprecipitation and subsequent hydrothermal treatment of the resulting suspension. The following reagents
were used during the synthesis: amorphous SiOs (Aerosil A-300), LiOHxH50, MgCl, x6H20, FeClsx6H20. All
reagents were purchased from “Vekton”, Russia. In the first stage, a sample of about 3 g SiO5 was mixed with a 2.7 —
3.2 g (depending on z) LiOHxH>0 and 400 ml of distilled water for 30 minutes using magnetic stirrer. In a separate
beaker filled with 200 ml of distilled water, iron and magnesium chlorides were dissolved, taken in the ratio required by
the desired formula. Next, using a peristaltic pump, the chloride solution was added dropwise aerosil and alkali under
intensive stirring. The feed rate was approximately 1 — 2 drops of solution per second.

The resulting suspensions were subjected to hydrothermal treatment for 7 days in autoclaves with 20 ml PTFE liners
at temperatures of 200 °C and 240 °C. Additionally, a sample with x = 0.5 was treated at 350 °C for 9 hours in a 400 ml
Ti-lined stainless steel autoclave. The resulting samples were washed twice with distilled water by centrifugation and
air-dried at 80 °C. The dried phyllosilicates were ground with an agate mortar.

2.2. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) analysis was performed using a DRON-8N powder X-ray diffractometer (Burevest-
nik, Russia) with a copper anode (A = 1.54186 A) and a Ni K g filter. The diffractometer was equipped with a Mythen 2R
1D linear detector (DECTRIS Ltd, Switzerland). Measurements were carried out in the Bragg—Brentano geometry in the
2 —80° 26 range with a step of 0.01° and an exposure time of 10 s. The sample rotation during the exposure was 0.5 rps.
Phase identification was carried out using the open COD database [34] and the PDF-2 database in case of insufficient
information from an open source.

The unit cell parameters were calculated using the Rigaku SmartLab Studio II software package using a full-profile
method similar to Le Bail (without refinement of atomic coordinates). The phyllosilicate layers were assumed to be pre-
dominantly oriented along [001] direction. Crystallite sizes, ignoring possible microstresses, were determined using the
Scherrer formula for the [001] direction in order estimate average thickness of phyllosilicate particles. Furthermore, the
full-profile analysis was performed using the anisotropic crystallite approximation, that yielded crystallite size averaged
over all directions.

2.3. N, adsorption and thermal analysis

Low-temperature nitrogen adsorption was carried out using an ASAP 2020 analyzer (Micromeritics, USA). The
samples were preliminarily degassed at a temperature of 110 °C to remove adsorbed water until there was no mass change
observed. The analysis was carried out in the 10™° — 0.995 relative pressure (P/Py) range. To calculate the specific
surface area, the Brunauer—-Emmett-Teller (BET) model [35] was used in the 0.05 — 0.16 P/ P, range. The total pore
volume was calculated at the maximum relative pressure P/Py = 0.995. For a more accurate analysis of the pore size
distribution, the density functional theory (DFT) calculation method was used according to the Ny on Carbon at 77 K
model [36] with slit pores.

Thermal analysis was carried on a Mettler—Toledo TGA/DSC 1 derivatograph with STARe System software (Switzer-
land) using air blown through the derivatograph chamber at a flow rate of 30 cm®/min in a uniform temperature increase
mode at a rate of 10 °C/min in the temperature range of 35 — 1000 °C. During the heating process, mass (thermogravi-
metric, TG) and thermal (differential thermal, DTG) curves were recorded.

2.4. Spectroscopic methods

Diffuse reflectance spectra were recorded using an AvaSpec-ULS4096CL-EVO high-resolution spectrometer (Avantes,
Netherlands), an AvaSphere-30 integrating sphere, and an AvaLight-XE pulsed xenon source. The resulting diffuse re-
flectance spectra (1t) were processed using the Kubelka—Munk function (1):

(1-R)?
2R
The band gap was estimated using the Tauc plot method [37] for both direct and indirect transitions.

Mossbauer spectroscopy was used to obtain information on the qualitative and quantitative distribution of iron ions
across various phases and crystallographic sites. Mdssbauer spectra of °"Fe were obtained using a Wissel Mossbauer
spectrometer (Germany) in constant acceleration mode at room temperature. 6x 108 Bq °”Co in a rhodium matrix (Ritverc

F(R) = (1)
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GmbH, St. Petersburg, Russia) was used as a gamma source. Velocity scale calibration and isomer shift were determined
relative to a-Fe. Spectra processing was performed using MossFit Ver. 3.7 software.

The elemental composition of the samples was determined using a FEI Quanta 200 (USA) scanning electron micro-
scope (SEM), equipped with an EDAX energy-dispersive spectrometer.

3. Results and discussion
3.1. Iron content impact on lattice volume, crystallite size, and textural properties

As aresult of hydrothermal treatment at 200 °C, according to PXRD data (Fig. 1a), mainly single-phase samples were
obtained. The position of the X-ray diffraction maxima, as well as the ratio of their intensities, indicated the formation
of phyllosilicate with a montmorillonite structure with a monoclinic C2/m (12) space group (comparison was made with
the Li-containing analogue COD ID 9010956 [38]). Increasing the processing temperature to 240 °C resulted in the
observation of significant diffraction maxima belonging to Fe3O4 or a solid solution based on it of the type Mg, Fea_,O4
(COD ID 9003582 [39]) in the case of z < 0.6. A further increase in the processing temperature led to a more complex
phase composition of the sample with x = 0.5 due to the formation of a-Fe,O3 (COD ID 2101167 [40]) or, similarly, a
solid solution based on it. It should be noted that the formation of iron oxides as impurity phases was also observed in
the synthesis of 1:1 phyllosilicates with a related crystal structure [41-43]. The difficulties in replacing Mg®™ and Si**
with Fe®" lie in the difference in the formal charges of the cations, which complicated the available isomorphism schemes
(from the point of view of the need for charge compensation), and in the strong difference in the effective ionic radii [44],
especially between Fe®* and Si*+.

The introduction of iron ions into the crystal structure led to an increase in virtually all unit cell parameters (Fig. 1b-
e), although these trends were barely visible due to comparatively low crystallinity of the samples and the associated
variability of the full-profile analysis procedure. Individual sharp changes in the parameters a, b, and g at low x were
most likely caused by a violation of the single-phase nature of the system. The observed spread in the parameter ¢ could
have been further enhanced, firstly, by the different filling of the interlayer space and, secondly, by the dependence of
the interlayer distance on the number of layers, which is common to various compounds with a layered structure. The
increase in the unit cell volume with increasing iron content (with decreasing x) repeated the trends observed for individual
parameters (Fig. 1f).

It is interesting to look at the process of changing the unit cell volume from the point of view of the effective ionic
radii of Mg2Jr (72 pm), Fe3T (63 pm in the octahedral and 49 pm in tetrahedral position) and Si*t (26 pm) [44]. The
observed increase in the unit cell volume due to substitution only in the octahedral sublayer looks counterintuitive, if
we do not take into account the increased size of the cavity, compared to the coordination octahedron, which inevitably
arises during the transition from the trioctahedral silicate to the dioctahedral one. Substitution with the removal of part
of the Li™ from the interlayer space was also possible, as was assumed in the original chemical formula. This version of
substitution, based on the values of the ionic radii, should lead to at least an increase in a and b, while the impact caused
to parameter c is less obvious: on the one hand, Lit maintains an increased interlayer distance due to its size, while on
the other hand, it is present due to the need for charge compensation. Accordingly, the removal of Li™ could lead either
to a decrease in the interlayer distance for steric reasons or to an increase due to electrostatic repulsion forces between
adjacent layers. Substitution with Si** should lead to an increase in cell volume, although the nearly twofold difference
in ionic radii limited mixability. Thus, the increase in unit cell volume with increasing Fe>" content seemed justified in
terms of the ionic radii of the cations involved in the substitution processes and could indirectly indicate the presence of
a more complex Fe3 ™ distribution among crystallographic positions than had been initially assumed in the stoichiometric
calculation.

Figure 1(g) shows the results of determining the crystallite sizes separately for the 001 reflection, as well as the values
averaged over all directions, obtained as a result of a full-profile analysis in the approximation of anisotropic crystallite
shape. The introduction of Fe*>T into the system generally contributed to a decrease in the crystallite size of phases with
the montmorillonite structure. The change in this trend for the case of hydrothermal treatment at 240 °C and xz < 0.7 was
associated with the release of some of the iron ions into the oxide phase. Compared to the average values, the crystallite
sizes along the 001 direction were virtually independent of temperature. An increase in the discrepancy between these
two dependences suggests that MMT particles became more anisotropic with increasing treatment temperature and most
likely grew in directions perpendicular to 001.

Figure 2 shows nitrogen adsorption/desorption isotherms and pore size distributions obtained from the adsorption
branch of the curve. All isotherms can be classified as type IV, with a developed mesoporous structure. A sharp rise at the
initial stage indicated the presence of micropores in the samples. Hysteresis loops were of the mixed H2-H3 type, which
could be associated with a complex, irregular porous structure. The most likely pore shapes for this type of hysteresis
loop were bottle-shaped and slit-shaped. Apparently, slit-shaped pores could be located both in the interlayer space of
phyllosilicates and in the interparticle space. The non-uniform pore shape, which led to blockage in narrower areas, could
be associated with the non-uniform shape of the particles and their broad size distribution. As expected, the specific
surface area and pore volume decreased with increasing hydrothermal treatment temperature, which correlated with the
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FI1G. 1. Results of powder X-ray diffraction analysis. a) PXRD patterns of hydrothermal treatment
products together with phase analysis involving COD database. b—f) Calculated unit cell parameters
and unit cell volume of MMT phase. g) Crystallite sizes (coherent scattering regions, CSR) of MMT
phase

increase in crystallite size as measured by X-ray diffraction (Fig. 1g). The dependence of specific surface area and pore
volume on iron content was extreme.

In all cases, the pore size distribution (Fig. 2d—f) showed a maximum in the 1 — 2 nm region, which we believe
was due to nitrogen adsorption in the interlayer space of phyllosilicates with a montmorillonite structure. Unfortunately,
it was not possible to establish an unambiguous correlation with the interlayer space size according to X-ray diffraction
data, which was approximately 50 % of the c parameter, i.e., 0.6 nm (Fig. 1d). The discrepancy between the observed
values may be due to both the specific features of the model approximation chosen to describe the adsorption isotherms
and the sensitivity of the interlayer distance to the conditions of the adsorption experiment itself (preliminar vacuum and
thermal training) [45]. Despite this, the position of the maximum, depending on the hydrothermal treatment temperature,
behaved in a manner consistent with the increase in crystallinity, shifting toward smaller sizes due to the compaction of
the layer packing (Fig. 2d—f). The distribution in the mesopore region behaved in the opposite direction: with increasing
temperature, the center of gravity of the broad maximum shifted from a few to tens of nanometers. This region is formed
primarily by interparticle pores, and an increase in particle size typically leads to an increase in the size of the voids
between them.

3.2. Element content and iron distribution over phyllosilicate and oxide phases

Table 1 presents the results of EDS analysis of 200 and 240 °C hydrothermal treatment products. In all cases, a
deficiency of silicon relative to magnesium and iron cations was observed, which could be caused by both the error of
the method itself and the features of the synthesis process. Previously, we noted a systematic deviation of the Me:Si
ratio from the specified one towards a deficiency of silicon in the case of the formation of impurity oxide phases [46].
A similar situation was observed for the data at high iron contents (z < 0.7), especially during hydrothermal treatment
at 240 °C. Unfortunately, the lithium content was not available for determination by this method; however, given the
observed deficiency of silicon, its underestimated content can also be assumed compared to the calculated chemical
formula Lis,Feo_2,Mgs,Si4019(OH)2. The verification experiments that we were able to carry out for z = 0.5 using
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F1G. 2. Results of low-temperature nitrogen adsorption. Ny adsorbtion/desorbtion isotherms for z =
a) 0.5, b) 0.7, and c) 1 together with BET surface area values. Pore size distribution and total pore
volume for x = d) 0.5,e) 0.7, and f) 1

atomic emission spectroscopy showed a ratio of Li:Mg = 1:3 — 1:2, which was expectedly underestimated due to the
excess of positive charge of the phyllosilicate layer.

It should be noted that the Si/(Mg+Fe) ratio was closer to that of phyllosilicates with sepiolite and talc structures.
However, based on the peak positions and intensity ratios, all PXRD patterns (Fig. 1a) corresponded precisely to phases
with montmorillonite/saponite structures (including x = 1). This circumstance suggests that, to compensate for the
lack of silicon, some of the Fe3" cations may be incorporated into the tetrahedral position. According to Mossbauer
spectroscopy data (Fig. 3a,b), two main (# 2 and # 3 in Fig. 3b) and one additional “doublet” (# 1) were detected for the
products of hydrothermal treatment at 200 °C. Based on the combination of the isomer shift (IS) and quadrupole splitting
(QS) values (Table A1), “doublet” # 1 was actually a part of sextet belonging to iron oxides. Based on the share of these
minima in the total transmittance, it can be concluded that the content of oxide phase impurity remained negligibly small
at z > 0.6, and a further abrupt increase in its content was associated with reaching the concentration limit of Fe3™
content in the phyllosilicate structure. In the products of phyllosilicate treatment at 200 °C, the presence of oxide was
not detected at any z (Fig. 1a), probably due to the lower sensitivity of the method, as well as the X-ray wavelength and
Fe absorption effect. The ratio of the two main doublets was on average 80:20 (Fig. 3b), regardless of the iron content.
Similar distribution of Fe> between the octahedral and tetrahedral sites in layered silicates related in structure was noted
in [47]. At the same time, the IS and QS values for the smaller doublet in our case were not entirely typical for iron cations
in the tetra-position (!VFe®*). If this doublet was erroneously attributed to /¥ Fe3* instead of, for example, a variation in
the octa-position (Y/Fe3*1) due to a change in the type of nearest neighbors, then a correlation between the doublet ratio
and the iron content in the system would be expected, which, apparently, was not observed. The larger IS value compared
to the data in [47] could be due to the increased unit cell parameters and the IV Me-0O distance [48] in the hydrothermal
treatment products compared to natural minerals. In addition, the presence of Li" instead of more widespread cations
(Na*, Ca®T, and others) could make a significant contribution to the variation in both IS and QS values [49].

The effect of hydrothermal treatment temperature was considered for the case of the maximum iron content x = 0.5
(Fig. 3c). Increasing the treatment temperature to 240 °C resulted in the appearance of sextets in the Mdssbauer spectra
with parameters (Table A2) typical for spinel of variable composition Mg, Fe,_,04, as well as a-Fe;O3. A further
increase in the treatment temperature resulted in a quantitative, rather than qualitative, change in the nature of the iron
distribution between the silicate and oxide phases. It is also worth noting the decrease in the line widths of the sextets
with increasing hydrothermal treatment temperature, caused by an increase in the crystallinity of the phases.
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TABLE 1. Element ratios estimated by the EDS method

Element x in Lig,Feo 2, Mg2,Si4010(OH)2
0.5 0.6 0.7 0.8 0.9 1
calculated

Fe 1 0.8 0.6 04 0.2 0

Mg 1 1.2 1.4 1.6 1.8 2

Si 4 4 4 4 4 4

200 °C hydrothermal treatment

Fe 1.3 0.8 0.5 0.6 0.3 0.0
Mg 1.3 1.8 1.9 2.0 2.0 24
Si 4.0 4.0 4.0 4.0 4.0 4.0
Si/(Fe+Mg) 1.6 1.5 1.6 1.5 1.7 1.6
(Si+0.2Fe)/(0.8Fe+Mg) | 1.9 1.7 1.8 1.6 1.8 1.6

240 °C hydrothermal treatment

Fe 1.4 1.0 0.8 0.5 0.3 0.0
Mg 1.6 1.6 1.9 2.1 2.1 2.5
Si 4.0 4.0 4.0 4.0 4.0 4.0
Si/(Fe+Mg) 1.3 1.6 1.5 1.6 1.7 1.6

(Si+0.2Fe)/(0.8Fe+Mg) | 1.6 | 1.8 | 1.7 | 1.7 | 17 | 16

If we take the average ratio of 80:20 for the distribution between V' /Fe3* and V' Fe®* and introduce the appropriate
correction for the EDS results (Table 1), the resulting ratio will approach that characteristic of phyllosilicates with MMT
structure. The possibility of replacing a significant amount of Si'* with Fe?>T, despite the large difference in effective
ionic radii, was due to the layered crystal structure, which expands the limits of miscibility [50,51]. In addition, the
results of DFT calculations carried out earlier for the case of substitution of Mg?** and Si** for 1:1 type chrysotile
structure [52] revealed close energy equivalence of the substitution schemes exclusively in the octahedral sheet with
formation of vacancy (3Mg** = 2V/Fe3" + v) and simultaneous substitution in two sheets (Mg?™ + Si*t = VIFe3T +
I VF63+).

Additional attempts to investigate the nature of iron distribution in the hydrothermal treatment products were made
using diffuse reflectance spectroscopy. Fig. 4 shows recalculated absorption spectra of two spectral ranges obtained using
the Kubelka-Munk function. For 200 °C hydrothermal treatment products, two broad absorption maxima appeared in
the range of 300 — 400 nm at = < 0.6, corresponding to the formation of Fe-containing oxide nanoparticles [53]. In the
range of 400 — 700 nm, changes in the absorption spectrum also occurred in the form of the appearance of two maxima in
the region of 500 — 600 nm, characteristic for iron oxides [54,55]. The changes in the optical spectra correlated with the
results of Mossbauer spectra deconvolution, particularly with the increase in the content of #1 “doublet” (Fig. 3b). Based
on the shape of the spectra, it can be concluded that with an increase in the hydrothermal treatment temperature to 240 °C,
the formation of impurity phases began even at the minimum iron content in the system (x = 0.9). Thus, the synthesized
Li—Fe-containing phyllosilicates with a montmorillonite structure exhibited a series of absorption peaks with maxima at
330, 510, and 630 nm.

An assessment of the band gap of the samples using optical spectroscopy showed that, regardless of the hydrothermal
treatment temperature, the F, value decreased almost linearly from 3.7 eV (at x = 0.8) to 3.1 eV (at = 0.5). Given the
obtained information on the phase composition, the observed value cannot be fully attributed to any one of the phases. At
high iron content, F, tended to the range of values characteristic of Fe3O4 [56], while from above it was limited by the
capabilities of the spectrometer.

3.3. Temperature shift of silicate crystallization effect

Figure 5(a) shows the TG and DTG curves of 200 °C hydrothermal treatment products with different iron content.
At the initial stage of heating, all samples exhibited significant mass loss due to the removal of adsorbed water. The
magnitude of the loss correlated with the previously observed extreme dependence of the specific surface area on the
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FI1G. 3. Results of Mossbauer spectroscopy. a) Mossbauer spectra of 200 °C hydrothermal treatment
products. b) Dependence of relative area of three doublets upon iron content. ¢) Mdssbauer spectra of
240 and 350 °C hydrothermal treatment products with z = 0.5. Doublets and sextet parameters are
shown in Tables A1, A2

iron content (Fig. 2): it was minimal at the edges of the studied x range and maximal at intermediate points. With
further heating, the samples lost mass at virtually the same rate up to 450 °C, at which point a low-intensity loss peak
was observed in the DTG curves of the samples with x < 0.9 (Fig. 5a). As a rule, the temperature range of 450 —
600 °C is characterized by mass losses caused by bulk dehydroxylation of phyllosilicates [57-59]. Compared to 1:1 type
layered silicates, the studied 2:1 type silicate has two times less OH groups per formula unit, and therefore the effect was
much weaker. Further, for most samples, a sharp peak in mass losses was observed with an intensity proportional to the
magnesium content and probably caused by crystallization of (Mg,Fe)SiO3 pyroxene and SiOs cristobalite (Fig. 6).

An interesting feature of the studied samples was the temperature dependence of the last mass loss peak (Fig. 5d.f).
Thus, for the case of x = 0.5, the shift was about 75 °C with an increase in the hydrothermal treatment temperature
from 200 to 240 °C (Fig. 5d). The phase composition of the samples after thermal analysis also varied (Fig. 6): for the
sample obtained at 200 °C, the main part consisted of the phases (Mg,Fe)SiOs, SiO,, and traces of Li>SizO5, while for
the products of hydrothermal treatment at higher temperatures, the main phase was LiFeSi»Og with traces of (Mg,Fe)SiO3
and SiO2. Except for lithium silicate, all components are products of the decomposition reaction (for x = 0.5):

LiFeMgSi4010(OH)2 — LiFeSiQOG + Mg8103 + SIOQ + HQO T .

A probable reason for the differences in the observed phase composition after thermal analysis could be the difference in
the content of the most mobile component — lithium. Under the conditions of low-temperature hydrothermal treatment
(200 °C) and, as a result, small crystallite size (Fig. 1g), Li* could be easily washed out of the interlayer space during
the process of purification from the solution that served as the hydrothermal environment. An increase in the treatment
temperature led to a several-fold increase in the crystallite sizes, and consequently, the linear dimensions of the layers,
which complicated the removal of lithium cations. In addition, an increase in temperature contributed to an increase in
the entropy factor for the process of Li* incorporation directly into the phyllosilicate layer [32,60].
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F1G. 4. UV-visible spectra recalculated from diffuse reflectance data for hydrothermal treatment prod-
ucts with z = 0.5, 0.6, 0.7, 0.8, and 1 obtained at a,b) 200 °C and ¢,d) 240 °C

4. Conclusion

The study demonstrated the feasibility of hydrothermal synthesis of Li—Fe phyllosilicates with a montmorillonite-
like structure and a minimal amount of impurity phases in the form of Fe30,4 and Fe,O3-based solid solutions. Using
a combination of diffraction and spectroscopic methods, the temperature and concentration thresholds for the formation
of oxide phases were established. Thus, the formation of virtually single-phase products should be expected in the
temperature range of 200 — 240 °C for x in the calculated chemical formula Lio, Fes 2,Mgo,SigO10(OH), being in the
range of 0.8 — 1. The specific surface area was shown to depend on the iron content and reach a maximum in the range
of x = 0.7 — 0.8. It was found that, due to the broader charge compensation capabilities of a multicomponent system,
various deviations from the specified stoichiometry are possible within the layer, due to both the substitution of silicon
cations by iron cations in the tetrahedral position (approximately 20 % of the total iron content) and the removal of some
lithium cations from the interlayer space. Thermal analysis and X-ray diffraction revealed the role of MMT particle size
factor and hydrothermal treatment temperature in the retention of lithium cations.
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FIG. 6. Post-thermal analysis PXRD patterns of samples with z = 0.5 obtained at various hydrothermal
treatment temperatures. Phase analysis was carried out using PDF-2 database: “1” — LiFeSi;Og (89-
225), “2” — Li2Si2O5 (40-376), “3” — SiO (75-923), “4” — MgSiO3 (71-786)

Appendix

TABLE Al. Parameters of doublets observed by Mossbauer spectroscopy for 200 °C hydrothermal
treatment products

x | Peak # | Width (mm/s) | IS (mm/s) | QS (mm/s) | %
1 0.278 0.48 2.32 2.2
0.5 2 0.479 0.36 0.92 27.5
3 0.466 0.35 —0.35 70.3
1 0.278 0.52 2.35 2.1
0.6 2 0.366 0.38 1.09 8.0
3 0.575 0.35 —0.43 89.9
1 0.278 0.48 2.30 0.4
0.7 2 0.441 0.38 1.04 12.8
3 0.561 0.35 —0.41 86.8
1 0.278 0.48 2.31 0.6
0.8 2 0.448 0.36 0.94 30.6
3 0.466 0.34 -0.37 68.8
1 0.278 0.48 2.30 0.9
0.9 2 0.691 0.51 0.76 19.4
3 0.736 0.33 —0.45 79.8
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TABLE A2. Peak parameters observed by Mossbauer spectroscopy for 240 and 350 °C hydrothermal

treatment products with = 0.5

T (°C) Peak # | Width (mm/s) | IS (mm/s) | QS (mm/s) | Heff (mm/s) | %
Doublets
2 0.420 0.36 1.08 - 8.8
3 0.440 0.34 0.34 - 23.7
Sextets
0.363
Fe, O3 0.340 0.38 0.22 49.5 30.9
240 0.315
0.464
Fe304 (A) 0.444 0.40 0.25 47.9 16.8
0.423
1.128
Fe304 (B) 0.932 0.33 0.10 44.5 19.8
0.757
Doublets
2 0.308 0.39 0.92 - 3.6
3 0.443 0.35 0.32 - 7.8
Sextets
Feq O3 0.316
0.293 0.38 0.19 51.0 28.6
350 0.284
Fe304 (A) 0.314
0.298 0.38 0.21 50.1 40.7
0.282
Fe304 (B) 0.875
0.759 0.41 0.23 47.8 19.3
0.671
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ABSTRACT Zr;_,Y.02_¢ 5, nanoparticles were introduced into the sulfonic acid form of the Nafion-type per-
fluorinated copolymer prior to membrane formation to improve its water retention, thermal stability, and pro-
ton conductivity. Since the conditions under which nanoparticles are formed can significantly influence their
size, phase composition, morphology, and surface chemistry, various approaches to filler synthesis were con-
sidered in this study. It was found that among the wet-chemical methods used to produce zirconia-based
nanoparticles, solvothermal synthesis offers the most promise in terms of increasing the surface proton con-
ductivity of composite membranes. This method ensures small size, large specific surface area, and high
hydrophilicity of the nanoparticles. Consequently, their incorporation into a Nafion-type perfluorinated copoly-
mer increases the membrane’s moisture retention and improves to its proton-conducting properties. In the
case of Zr;_,Y,05_¢ 5, nanoparticles formed under solution combustion conditions, their more hydrophobic
surface did not contribute to an increase in the moisture content of the perfluorinated copolymer, but did allow
its maximum operating temperature to be increased by 20 °C.

KEYWORDS proton conductivity, impedance spectroscopy, yttria-stabilized zirconia, glycine-nitrate combustion,
sol-gel, hydrothermal synthesis, solvothermal method
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1. Introduction

Proton exchange membrane fuel cells are promising, environmentally friendly electrochemical power sources that
are characterized by increased energy density and relatively high power generation efficiency [1]. The most commonly
used membranes in fuel cells are Nafion-type membranes due to their mechanical strength, chemical resistance, high se-
lectivity and proton conductivity in the hydrated state [2,3]. The microstructure of the Nafion membrane is a network of
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interconnected clusters of sulfonic acid groups (proton exchange channels) that are formed in a hydrophobic polymer ma-
trix of polytetrafluoroethylene with hydrophilic perfluorinated side chains containing ionic groups [4,5]. Proton migration
in membranes of this type depends significantly on the water content [6]. At high temperatures, the Nafion membrane
loses moisture, which leads to irreversible mechanical damage and a decrease in proton conductivity. The maximum
proton conductivity is achieved when the Nafion membrane is fully hydrated. The use of this membrane in methanol fuel
cells is further limited by the permeability of methanol, the incomplete oxidation of which promotes the release of CO,
which deactivates the platinum catalyst at the anode. Therefore, in order to maintain high proton conductivity, improve
the kinetics of oxidation-reduction reactions at both electrodes, protect the platinum catalyst, and optimize the balance
between operating temperature and humidity of the polymer electrolyte membrane in fuel cells [7], approaches have been
developed to increase its water retention [8]. One such approach is the physicochemical design of new polymer-inorganic
composite membranes capable of effectively binding water within their structure, absorbing moisture, reducing the de-
gree of fuel-oxidizer mixing and electroosmotic resistance in the system, and increasing proton conductivity. At the same
time, they must also maintain their mechanical strength, thermal stability and chemical resistance, under conditions of
high operating temperatures [9] and low relative humidity [10]. Basically, to retain water in the membrane under high-
temperature operating conditions, various types of inorganic fillers were used due to their electrostatic attraction within
the double electric layer [11], anti-swelling and hydrophilic properties [12—14]. Moreover, the hydrated water on the sur-
face of such particles can form bridges between clusters of sulfonic acid groups, which can provide additional pathways
for proton transfer [17]. The introduction of inorganic fillers, such as silica (SiO2) [18, 19], titania (TiO2) [20,21], ceria
(CeO2) [22], zirconia (ZrOs) [23,24] and zeolites [25] allows you to regulate the swelling degree of membranes, change
their mechanical properties, as well as the structure of pores and channels, which helps to increase proton conductivity
of fuel cells [26-28]. Among the above-mentioned fillers for proton-conducting membranes, nanosized additives based
on zirconia have proven to be the most effective. In [10], hybrid polymer-inorganic membranes based on Nafion and
four types of oxide nanoparticles (ZrO,, TiOs, ZrO2—TiO2, ZrO2—Y20s3) were fabricated using the doctor blade method
for use as electrolytes in medium-temperature fuel cells with a proton exchange membrane. Pristine, sulfated and phos-
phated zirconia nanoparticles were used to modify the Nafion membrane to improve water retention, thermal stability,
proton conductivity, and reduce methanol permeability [29]. In this study, inorganic nanoparticles were introduced into
Nafion using remelting, swelling-impregnation, and ion exchange methods. The proton conductivity of the membrane
with 5 wt. % sulfated ZrO; exceeded 0.103 S/cm at room temperature and had the highest water absorption rate — 35 %.

It is known that ZrO, can be represented by three polymorphic modifications: monoclinic, tetragonal and cubic [30].
Of particular interest among the crystal structures of zirconia are the tetragonal and cubic phases (¢, c-ZrO2) due to
their high oxygen-ion conductivity and chemical resistance over a wide range of temperatures and oxygen partial pres-
sures. Therefore, they are a well-known candidate for applications such as the development of fuel cells [31]. To obtain
nanoparticles of ZrO, high-temperature modifications, stabilizer ions such as calcium (Ca®"), europium (Eu"), or yt-
trium (Y>T) are introduced into its structure, which prevent phase transitions upon cooling [32]. The crystal structure,
size, shape, and surface chemistry of zirconia nanoparticles are typically determined by the synthesis and thermal treat-
ment methods [33,34]. Therefore, in this study, ¢, c-ZrO nanoparticles were obtained using various synthesis techniques,
characterized by a combination of physicochemical analysis methods and subsequently used as a modifying additive for
Nafion-type proton-conducting membrane.

2. Experimental
2.1. Materials

The following reagents were used for the synthesis of Zr; _, Y, O2_¢.5, nanoparticles: ZrOCl, x 8H20 (CAS: 13520-
92-8, Lenreaktiv, Russia, pure), ZrO(NO3)s x2H20 (CAS: 14985-18-3, Lenreaktiv, Russia, pure), Zr(OC4Hg), (CAS:
1071-76-7, Sigma-Aldrich, 80 % Gew.Lsg.in 1-Butanol), Y(NO3)3 x6H20O (CAS: 13494-98-9, Vekton, Russia, chemi-
cally pure), YCl3 x6H50 (CAS: 10025-94-2, Vekton, Russia, pure), ammonia solution (Vekton, CAS: 1336-21-6, 25 % ,
chemically pure) and CoH5;OH (CAS: 64-17-5, Ekroskhim, Russia, 99.5 %).

The Nafion-type membrane (LSC-1) based on a precursor copolymer was obtained by aqueous emulsion copolymer-
ization of tetrafluoroethylene with the perfluorinated monomer perfluoro(3,6-dioxa-4-methyl-7-octene)sulfonyl fluoride
using the technology described in detail in [35]. A copolymer with equivalent mass values (molecular mass of a polymer
chain fragment per sulfonic acid group) of 1030 g-eq/mol SOsH groups was used as the base chemical structure.

N,N-dimethylformamide (CAS: 68-12-2, Vekton, Russia, extra pure) was used as a solvent in the dispersion prepara-
tion of the LSC-1 copolymer in sulfonic acid form.

2.2. Synthesis of Zr;_,Y.0-_g 5, nanoparticles

2.2.1.  Glycine-nitrate combustion. Zirconium (6.58 mmol) and yttrium (0.42 mmol) nitrates were dissolved in 50 ml of
water with the addition of 5 ml of concentrated nitric acid, vigorously stirred, and heated in the presence of glycine. The
ratio of the glycine mole number to the total metal nitrate mole ones in the reaction mixture was 1.3. After homogenization
of the reaction mixture, the solution was placed in a sand bath and heated until ignition occurred. The combustion product,
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a gray foam-like substance, was ground in an agate mortar to a powder and annealed in a muffle furnace at 500 °C for
2 hours.

2.2.2.  Sol-gel synthesis. 25 ml of 0.02 M Y(NO3)3x6H5O solution was added to 36 ml of 80 % Zr(OC4Hg)4 zirconium
butoxide. The resulting mixture was vigorously stirred at 60 °C for 1 hour. The resulting sol was dried to form a gel and
heat-treated at 700 °C for 2 hours. The resulting product was ground in agate mortar to a powder.

2.2.3.  Hydrothermal synthesis. ZrOClyx8H50 (6.58 mmol) and YCl3x6H50 (0.42 mmol) were dissolved in distilled
water and stirred. The corresponding metal hydroxides were then coprecipitated by adding 25 % ammonia solution
dropwise to the dissolved reagents with continuous stirring until a white, curdy precipitate formed at pH of 14. The
resulting precipitate was then repeatedly washed by decantation until a negative chloride ion reaction was achieved and
dried to constant weight at 100 °C. The resulting white powder was poured into an autoclave cell and filled with water.
The hydrothermal vessel containing the mixture was then sealed and maintained at 200 °C for 4 hours. The particles
formed under hydrothermal conditions were removed from the cell and dried in air at 100 °C.

2.2.4.  Solvothermal synthesis. YCl3x6H20 (0.5 mmol) dissolved in 15 ml of ethanol was added in small portions to
Zr(OC4Hyg)4 (7.7 mmol) with constant stirring. After thorough stirring for 90 minutes, the resulting suspension was
placed in an autoclave. The synthesis was carried out for 72 hours at an isothermal holding temperature of 200 °C. The
precipitate was then separated from the mother liquor and washed repeatedly with distilled water by centrifugation. The
washed precipitate was dried at 100 °C and then heat-treated at 500 °C for 2 hours. The annealed sample was ground to
a powder.

2.3. Preparation of composite films

A method for introducing zirconia-based nanoparticles into Nafion-type perfluorinated copolymer dispersions for the
subsequent fabrication of composite membranes was developed. Nafion-type (LSC-1) copolymer powders in sulfonic
acid form were used as a matrix. To obtain composite membranes, dispersions of ZrOs-based nanoparticles in N,N-
dimethylformamide (DMF) with an LSC-1 concentration of no more than 5 wt. % were prepared, enabling the production
of fairly uniform film materials using a casting method. The kinematic viscosity of the dispersions was crucial for the
formation of cast composite membranes with a smooth surface. Nanoparticle dispersions in solution were prepared in a
glass flask with stirring at 1000 rpm and ultrasonic treatment (3.5 kHz, 50 W) for 30 minutes. The nanoparticle dispersion
was then added to a pre-obtained LSC-1 one in DMF and stirred magnetically for 5 min. The ZrOs-based nanoparticle
content in the LSC-1 composite membranes was 0.5 wt. % . Composite membranes were formed on a glass substrate
using the casting method with solvent removal under an IR lamp at 80 °C for 4 hours. The composite membrane was then
evacuated to remove residual solvent and annealed at 100 °C for 3 hours. Before measuring the proton conductivity of
the composite membranes using impedance spectroscopy, they were rinsed with a 15 % nitric acid solution and then with
distilled water to neutral pH.

2.4. Research methods

2.4.1. X-ray phase analysis. X-ray phase analysis of Zrj_,Y;O2_q 5, nanoparticles synthesized by glycine-nitrate
combustion and wet-chemical methods was performed using a Rigaku SmartLab 3 X-ray diffractometer (CukK, 40 kV,
44 mA) in the 10 — 70° range with a scan rate of 0.5 °/min. Full-profile analysis of X-ray diffraction (XRD) patterns of
nanoparticle powders was performed using the PD-Win 4.0 software package (Research and Production Association “Bu-
revestnik”, Russia). X-ray phase analysis of the samples was carried out by the Crystallographica Search-Match software
package (Oxford Cryosystems, UK) based on the obtained values of interplanar distances, peak widths at half-height, their
intensity and position (26) using the ICDD PDF-2 database. The average crystallite sizes for nanopowders were estimated
based on the broadening of XRD peaks using the Scherrer formula. The MAUD software package (L. Lutterotti, Italy)
was used to determine the phase composition and calculate the parameters of a unit cell of nanoparticles [36].

Structural studies of the membranes were performed using a DRON-2.0 automated X-ray diffractometer manufac-
tured by the Leningrad Research and Production Association “Burevestnik”. CukK, radiation was used. Monochrom-
atization was achieved with a Ni filter. The images were taken in transmission mode. The crystallinity degrees of the
samples were determined by the ratios of the integral intensities of crystalline reflections and amorphous halo.

2.4.2.  Transmission electron microscopy. Transmission electron microscopy (TEM; JEOL JEM-2100F) with an acceler-
ating voltage of 200 kV was used to determine the shape and size of Zr; _, Y, Os_¢ 5, nanoparticles. Sample preparation
for TEM included the deposition of oxide nanoparticle dispersions onto graphene-coated copper grids and subsequent
water removal from them during the drying process [37].

2.4.3. Energy-dispersive X-ray spectroscopy. The elemental composition of synthesized nanoparticles was measured
using a Hitachi S-570 (Tokyo, Japan) scanning electron microscope with a Bruker Quantax 200 microanalysis system
(Bruker Corporation, USA). Quantitative energy-dispersive X-ray (EDX) spectroscopy was carried out using the method
of fundamental parameters. The standard accumulation time of the spectrum was 60 seconds. The composition was
determined from the maximum possible area of the test sample.
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2.4.4. FTIR spectroscopy. The amount of hydroxyl groups on the surface of the synthesized Zr; _, Y, O2_ 5, nanopar-
ticles was estimated using FTIR spectroscopy on a Vertex 70 spectrometer (Bruker Optik GmbH, Ettlingen, Germany),
which is equipped with an attenuated total reflectance device (Pike Technologies Inc., Madison, WI 53719, USA).

2.4.5. Scanning electron microscopy. The degree of nanoparticle dispersion and the uniformity of their distribution
within the polymer matrix were studied by analyzing micrographs of transverse fractures of composite films in liquid
nitrogen using a SUPRA 55VP scanning field-emission electron microscope (Carl Zeiss, Germany). Prior to analysis, a
conductive platinum coating was applied to the surface of the samples using vacuum deposition.

2.4.6. Determination of the surface wetting angle of composite films. The wetting of the surface of composite films with
water was assessed by the sessile drop method using a DSA 30 device (Kruss, Germany).

2.4.7.  Thermogravimetric analysis. Thermogravimetric analysis (TGA) of membrane samples was performed using a
Netzsch TG 209 F1 (Germany) in a temperature range from ambient to 800 °C at a heating rate of 10 °C/min under
an inert gas flow. The test samples weighed between 2 and 3 mg. Processes associated with heat release or absorption
during membrane heating were studied using differential scanning calorimetry using a Netzsch DSC 204 F1 (Germany)
in a temperature range from room temperature to 280 °C (below the decomposition temperature of sulfo groups) under an
argon atmosphere (argon flow rate: 25 ml/min, heating rate: 10 °/min).

2.4.8. Differential scanning calorimetry. Processes associated with heat release or absorption during membrane heating
were studied using differential scanning calorimetry using a Netzsch DSC 204 F1 (Germany) in a temperature range from
room temperature to 280 °C (below the decomposition temperature of sulfo groups) under an argon atmosphere (argon
flow rate: 25 ml/min, heating rate: 10 °/min).

2.4.9. Mechanical testing of films. Mechanical tests of the unfilled and composite films were conducted in uniaxial ten-
sion using an AG-100X Plus universal mechanical testing rig (Shimadzu Corp., Japan). The following material properties
were determined during testing: elastic modulus (&), plastic yield limit (o), strength (o,,), and ultimate strain before
failure (g)).

2.4.10. Impedance spectroscopy. Surface proton conductivity was measured by impedance spectroscopy at equilibrium
membrane saturation with water, i.e., at the maximum water content achieved by boiling at 100 °C for 1 hour. A Z-3000X
impedance meter (Elins, Russia) with a 4-electrode measuring cell and a frequency range of 10 — 150 kHz was used.
Specific electrical conductivity (o, ) was calculated using the following formula:

on=L/(Rp - h-b), ()

where L is the distance between the voltage electrodes of the measuring cell (L = 1.77 cm according to the measuring cell
specifications), cm; h is the average membrane thickness, cm; b is the average membrane width, cm; R, is the membrane
resistance, Ohm.

The bulk proton conductivity of the membranes was measured in a two-electrode cell using an Elins Z-1500J
impedance meter at an initial frequency of 3 kHz and a final ones of 100 kHz. The equilibrium moisture content of
the membranes was determined by the weight of the samples, which were dried to constant weight in a vacuum at 80 °C
and then subjected to equilibrium saturation in water for 24 hours at 20 °C. Before measurements, the sample was soaked
in distilled water for at least 15 minutes, after which it was additionally moistened as measurements were taken. During
the measurements, the sample was heated from 25 to 120 °C, with instrument readings taken every 5 °C.

3. Results and discussion

Powders of Zr; _, Y, O2_¢ 5, nanoparticles were obtained using solution combustion and wet chemistry methods. Ac-
cording to XRD data, the products formed from zirconium and yttrium nitrate solutions with glycine during combustion
synthesis, after their annealing and grinding to a powder state, were a mixture of ZrO, nanocrystals of the tetragonal (¢)
and cubic (c) phases in a ratio of 40:60 (Table 1). A qualitative XRD analysis carried out in the PD-Win 4.0 and Crystal-
lographica Search-Match software packages showed the best correspondence of the synthesized nanocrystalline powder
to card No. 49-1642 for c-ZrO; from the ICDD PDF-2 database (Fig. 1a). Refinement of the unit cell parameters using
the Rietveld method, performed in the MAUD software package, showed that the values of the lattice periods a, b and ¢
for the synthesized ZrO, nanocrystals calculated from XRD patterns differ from those given in the literature [38] in the
case of thermally stabilized tetragonal phase (Table 1). This fact indicates the incorporation of YT ions into the crystal
lattice of ¢-ZrO5 and the formation of Zr; _, Y, O2_ 5, solid solutions. A similar conclusion can be made for cubic phase
nanocrystallites formed during glycine-nitrate combustion of the reaction mixture, the cell parameters of which were al-
most identical to those recorded in the literature for stabilized c-ZrO5 [39]. The average size of the coherent scattering
regions (CSRs) for the Zr; .Y, O2_ 5, nanoparticles powders obtained by solution combustion, calculated using the
Scherrer formula, was 1042 nm. For tetragonal and cubic ZrO5 crystallites separated in the MAUD software package,
the CSR region sizes were 6 and 31 nm, respectively. According to TEM data, the nanopowder contained mono- and
polycrystalline quasi-spherical particles with sizes of 3 — 5 and 8 — 18 nm, respectively (Fig. 2a).
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TABLE 1. XRD data for nanoparticles of Zr; _,Y,O2_¢ 5, solid solutions obtained by different syn-
thesis methods

Zr1—;Y;00_ 05,
Preparation Average
method Polymorphic Phase Unit cell parameters ‘ crystallite
. . content, Microstresses .
modification vol. % $1Z¢€, nm
' lengths angles MAUD | PDWin
Literary B a=>b=3.612 A _ 3 3
data Tetragonal ¢ — 5912 a=v=0=90
[38.39] ~ _ a=b=c= B _ _ _
Cubic 5199 a=v=6=90
Glycine- Monoclinic - - - - . - -
nitrate a=0b=3623+0001 | . 59x10 '+
combustion Tetragonal 40 ¢ = 5171 + 0.002 a=v=06=90 9 % 104 6+t1 10£2
. a=b=c= 0.00474+
Cubic 60 5.127 + 0.001 a=y=BF=901 o qp-s |31+2
Monoclinic - - - - -
Sol-gel a=b=3611£0001 | _ _ 0.002E
Tetragonal 76 ¢ = 5171 + 0.001 a=v=0=90 28 % 10-5 57+6 | 22+4
. a=b=c= 0.00734
Cubic 24 5.134 4 0.001 a=y=0=901 g o4 | 6%2
Monoclinic - - - - -
Hydrothermal a=b=23.466 £ 0.02 0.11+
synthesis | Tetragonal | 82 c=5682+0056 |*T7=A=D 0.001 - 3Ed
. a=b=c= 0.0184+
Cubic 18 5.151 & 0.003 a=7=B=91"" 0002 -
Monoclinic - - - - - -
Solvothermal a=0b=3.415 £ 0.003 0.109+
synthesis Tetragonal 83 ¢ = 5.773 4 0.022 a=v=06=90 0.001 - 3+1
. a=b=c= 0.024+
Cubic 17 5.131 + 0.004 a=7=B=90 34 1091 -
—_J a
Z10), (49-1642)
b

Pty g3 ¥ 050y g5 (48-0224)
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28,°

F1G. 1. Comparison with a ICDD PDF-2 database of the XRD patterns of Zr; _,Y,O5_g 5, nanopar-
ticles obtained by different methods: glycine-nitrate combustion (a), sol-gel (b), hydrothermal (c) and
solvothermal syntheses (d)
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FI1G. 2. TEM micrographs of Zr; _, Y,O2_¢ 5, nanoparticles obtained by different methods: glycine-
nitrate combustion (a), sol-gel (b), hydrothermal (c) and solvothermal syntheses (d)
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TABLE 2. Elemental composition of Zr;_, Y ,O2_¢ 5, nanoparticles obtained by various synthesis methods

at. %
Y Zr

Preparation method

Glycine-nitrate combustion | 3.5440.05 | 96.46+0.05
Sol-gel 6.94+0.33 | 93.1+0.33
Hydrothermal synthesis | 5.06+0.02 | 94.944-0.02
Solvothermal synthesis 3.9140.05 | 96.094+0.05

Aging of the gel formed by mixing yttrium nitrate and zirconium butoxide solutions, its subsequent annealing at
700 °C for 2 hours, and disintegration yielded ¢- and ¢-ZrOs nanoparticles in a 76:24 ratio. The average crystallite size,
calculated from a full-profile analysis of the nanoparticle X-ray diffraction pattern, was 22+4 nm (Fig. 1b). Qualitative
X-ray diffraction analysis of the sample in Crystallographica Search-Match showed the best match for ¢-ZrOs (card
No. 48-224). The average crystallite size, calculated using the MAUD program, was 60 nm for t—ZrO,, while for the
cubic modification it was an order of magnitude smaller (Table 1). Refinement of the crystal lattice parameters using the
Rietveld method revealed that the a and b values correspond to those reported in the literature for undoped ¢-ZrO-, while
the lattice constant c for the synthesized tetragonal phase nanoparticles was lower [38]. In turn, the calculated unit cell
parameters for the cubic phase of Zr;_,Y;0O2_¢ 5, nanoparticles were higher than those presented in [39] for c-ZrOs.
TEM (Fig. 2b) demonstrated that sol-gel synthesis resulted in the formation of quasi-spherical particles, representing
intergrowths of crystallites, with a wide grain size distribution (from 40 to 300 nm).

Qualitative XRD analysis showed that hydrothermal treatment (200 °C, 70 MPa, 4 hours) of a mixture of yttrium and
zirconium hydroxides coprecipitated from their chloride solutions using NH,OH, similar to the previous synthesis method,
yielded crystals of ¢- (82 % ) and c-ZrO, (18 %) (Fig. 1c). The average crystallite size, calculated from the diffraction
maxima of ¢-/ ¢-ZrOs using the Scherrer formula, was 341 nm. It was not possible to determine the separate crystallite
sizes of the tetragonal and cubic phases using the MAUD program. The formation of a Zr;_,Y,O2_q 5, solid solution
is indicated by a decrease in the a and b parameters of the unit cell with a significant increase in the lattice constant c,
compared to the crystallographic data for ¢-ZrO5 given in the literature (Table 1) [38]. For cubic phase crystallites formed
under hydrothermal conditions, the lattice parameters were higher than for solid solution samples obtained at temperatures
up to 1400 K [39]. Spherical Zry_,Y,O5_q 5, nanoparticles with an average diameter of 4+1 nm were observed in
the TEM micrographs (Fig. 2c). It should be noted that the diameter of the nanoparticles formed under hydrothermal
conditions is comparable with the average size of the CSRs within the error limits, i.e., they are single-crystal.

A similar isothermal holding at 200 °C for 24 hours of a pre-homogenized mixture of zirconium alkoxide and an
alcoholic solution of yttrium chloride also promoted the crystallization of nanoparticles of the Zry_,Y,O2_¢. 5, solid
solutions (Table 1). The ratio of crystalline phases in the nanoparticle powder obtained by solvothermal synthesis (SS)
was practically the same as that obtained during hydrothermal treatment of the ZrO(OH),—Y(OH);3 precipitate. The
average crystallite size was 341 nm, which coincided with the particle diameter in the TEM micrographs (Fig. 2d).

EDX spectroscopy results showed that the yttrium content in the resulting Zr; _, Y ,O5_¢ 5, solid solution nanoparti-
cles was lower than the synthesis target for virtually all methods used, except sol-gel (SG) technology (Table 2). According
to the phase diagrams of ZrO»-Y 203, at yttria concentrations below 3 mol. % , solid solution crystals form, corresponding
predominantly to the tetragonal structure of zirconium dioxide [40,41]. This is consistent with the results of our quantita-
tive X-ray phase analysis for all solid solution samples obtained by wet chemistry methods. In the case of glycine-nitrate
combustion, due to the high rate of particle formation and the high synthesis temperature, they crystallize predominantly
as the cubic polymorph of ZrOs.

A study using FTIR spectroscopy of the surface chemistry of Zr;_, Y,O2_g 5, nanoparticles obtained by different
methods showed that in the case of hydro- and solvothermal treatment of precursors of both inorganic and organic nature,
fillers with a more hydrophilic surface are formed. The integrated intensity of the bands corresponding to the stretching
and bending vibrations of OH groups in the range of 3700 — 2690 cm ™' and at 1615 cm™! for nanoparticles obtained
by the two aforementioned synthesis methods is significantly higher than that in the FTIR spectra of similar systems
formed via the sol-gel process or solution combustion (Fig. 3). This circumstance may be useful from the point of view
of moisture retention by the surface of Zr;_, Y, O2_¢ 5, nanoparticles, which will increase the operating temperature of
Nafion-type perfluorinated membranes by introducing a filler.

SEM micrographs of composite film cross-sections were analyzed to control the dispersion degree and distribution
homogeneity of Zr; _, Y, O2_q.5, nanoparticles in the bulk of the Nafion-type polymer matrix. Nanoparticles obtained by
hydrothermal synthesis (HS), with a large number of hydroxyl groups on the surface and a small crystallite size, aggre-
gated less and were more uniformly distributed within the perfluorinated polymer (Fig. 4a). Meanwhile, Zr1 Y, O2_0 55
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F1G. 3. FTIR spectroscopy of Zr;_, Y ,O2_¢ 5, nanoparticles obtained by different methods: glycine-
nitrate combustion (a), sol-gel (b), hydrothermal (c) and solvothermal (d) syntheses

nanoparticles, formed from zirconium butoxide and yttrium chloride under solvothermal conditions with similar dimen-
sions and a higher surface hydrophilicity, agglomerated intensely within the same polymer and collected in its near-surface
layer as large aggregates (Fig. 4b). It should be noted that the majority of the agglomerated particles protruded onto the
surface of the composite film. This is probably due to differences in the density of the perfluorinated copolymer and
inorganic fillers during the formation of composite membranes. The introduction of nanoparticles obtained using sol-gel
technology into the polymer matrix also resulted in strong filler aggregation, but the number of aggregates near the sur-
face was significantly smaller and was hidden beneath the polymer layer (Fig. 4c). The greatest incompatibility between
the perfluorinated polymer and Zr;_,Y,O2_¢ 5, nanoparticles was observed when the latter were produced using the
glycine-nitrate combustion (GNC) method (Fig. 4d). The incorporation of these particles into the polymer was accompa-
nied by the formation of aggregates ranging from a few to tens of microns in size, which settled under their own weight.
Therefore, a micrograph of a composite film cleavage shows a gradient in the distribution of aggregates with an increasing
concentration toward the substrate on which it was formed, while it is clearly visible that they remain beneath the polymer
layer.

Determining the surface contact angle of composite films using the sessile drop method revealed that samples contain-
ing Zr1—; Y 09_¢ 5, nanoparticles with a high number of OH groups are more hydrophilic. When a drop was applied to
the film surface of a perfluorinated copolymer containing 0.5 wt. % nanoparticles obtained under hydrothermal conditions,
its instant swelling was observed (Fig. 5).

Thermogravimetric analysis (TGA) of composite films based on a perfluorinated copolymer incorporating
Zr1— Y, 02_g 5, nanoparticles with different chemical prehistory revealed three main processes occurring during heat-
ing. The first step of mass loss recorded on the TGA curves in the range from room temperature to 180 — 200 °C is
associated with the release of water and residual DMF solvent (the boiling point of the solvent is 155.5 °C). A subsequent
increase in temperature facilitated the decomposition of sulfo groups in the range from 300 to 420 °C. We believe that
the most reasonable parameter for the thermal stability of composite membranes is the temperature corresponding to the
maximum mass loss during the destruction of the sulfo-containing fragment (T2 in Table 3), determined based on analysis
of the differential thermogravimetric curves. The third stage of intense mass loss began around 400 °C and continued until
~600 °C, that is, until virtually complete polymer degradation. This final stage was associated with the destruction of
the membrane side chains and the subsequent thermal decomposition of the main (T3) skeleton of polytetrafluoroethylene
macromolecules [5]. The amount of coke residue for all studied samples after thermal degradation did not exceed 4 % of
their initial mass.

The thermal degradation temperatures of sulfonic acid groups for these membranes range from 350 to 382 °C. The
maximum value for this temperature is observed for the LSC-1 membrane without nanoparticles. Regardless of the
chemical prehistory of the Zr; _, Y, O2_¢ 5, nanoparticles, the degradation temperatures of sulfonic acid groups decrease
significantly, reaching a minimum value for the filled sample obtained under hydrothermal conditions. The same sample
also demonstrated the highest backbone decomposition temperature compared to the unfilled and composite films. It’s
worth noting that the T2 and T3 temperatures for the composite membranes correlated with the hydroxyl group content
on the surface of the Zr;_,Y,O2_ 5, nanoparticles, as determined using FTIR spectroscopy. It was shown that the
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FI1G. 4. SEM cross-section micrographs of the composite films based on perfluorinated polymer and
Zr1 .Y ,O2_¢ 5, nanoparticles obtained by different methods: glycine-nitrate combustion (a), sol-
gel (b), hydrothermal (c) and solvothermal (d) syntheses
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FIG. 5. Image of a droplet when determining the wetting angle of the surface of unfilled (a) and com-
posite films based on a perfluorinated polymer and Zr; _,, Y ;Os_¢ 5, nanoparticles obtained by different
methods (glycine-nitrate combustion (b), sol-gel (c), hydrothermal (d) and solvothermal (e) syntheses).
Due to instantaneous film swelling of sample d, the value was measured incorrectly

more hydrophobic the surface of the oxide nanoparticles incorporated into the perfluorinated polymer, the higher the
degradation temperature of the sulfo-containing fragment and the lower the T3.

TABLE 3. Temperature values of the main stages of mass loss for composite membranes based on
perfluorinated copolymer and Zr; —, Y, O2_¢ 5, nanoparticles.

Sample T1 | T2 | T3

LSC-1 — | 382|473

LSC-1+0.5 wt. % Zr1_;Y02_0.5, (GNC) | — | 373 | 477
LSC-1 +0.5 wt. % Zr1-, Y0205, (SG) — | 373 | 478
LSC-1+0.5 wt. % Zr1—,YO2_0.5, (HS) | 167 | 350 | 518
LSC-1+0.5 wt. % Zr1_ Y ;02_0 55 (SS) — | 369 | 480

Thermal processes occurring within unfilled and composite membranes during heating were studied using DSC
(Fig. 6). For the entire series of samples, two time-extended endothermic effects were observed in the low-temperature
region. These effects were caused by the release of adsorbed water from the samples up to 120 °C and the subsequent
removal of the amide solvent at temperatures of 120-200 °C. Since the change in the thermal effects of the two aforemen-
tioned processes for composite films correlates with the degree of hydrophobicity of the Zr;_,Y,O2_¢ 5, nanoparticle
surface, it can be confidently concluded that the filler influences the removal of water and DMF from the perfluorinated
polymer matrix.
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FI1G. 6. DSC curves of the first heating of unfilled (a) and composite membranes based on a perflu-
orinated copolymer and Zr;_,Y,O2_¢ 5, nanoparticles obtained under different conditions (glycine-
nitrate combustion (b), sol-gel (c), hydrothermal (d) and solvothermal (e) syntheses)
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According to XRD data, both the native and composite membranes based on the perfluorinated copolymer have
a mesomorphic structure (Fig. 7). Calculation of the crystallinity degree for the unfilled film and samples containing
Zr1_ ;Y Os_g .5, nanoparticles with different chemical prehistory yielded virtually identical results. In most cases, the
proportion of the crystalline phase was 20 % , with the exception of films with particles obtained using sol-gel technology
(25 % ) and under hydrothermal conditions (30 % ). Therefore, the higher temperature endothermic effect in the DSC
curves of composite films is more associated with the removal of solvent from the polymer matrix than with the disordering
of chains structured by the filler.

F1Gg. 7. XRD patterns of unfilled (a) and composite membranes based on perfluorinated polymer
and Zry ;Y ,O5_¢.5, nanoparticles obtained by various methods (glycine-nitrate combustion (b), sol-
gel (c), hydrothermal (d) and solvothermal (e) syntheses)

The mechanical properties of composite membranes based on the Nafion-type perfluorinated copolymer with
Zr;_ Y, 02_g 5, nanoparticles of varying chemical prehistory were tested using a tensile testing machine in uniaxial
tension mode. The characteristics of the tested samples, averaged based on the measurement results, are presented in
Table 4, and the type of stress-strain curves themselves are shown in Fig. 8. According to the results of mechanical tests,
all films are low-modulus polymeric materials (elastic modulus does not exceed 550 MPa) with deformation at failure
in a wide range of values from 30 to 140 % (Table 4). The stress-strain curves of all tested films (Fig. 8) clearly show
a transition beyond the plastic limit (a sharp decrease in the slope of the stress-strain curve) at strains of ~6 — 8 % .
The nature of the subsequent deformation process of the tested materials is virtually identical. The curves lack a distinct
section of necking through the specimen (as well as a local maximum — the plastic limit). Immediately after strains of
10— 15 % , a consistent increase in stress begins as the specimens deform, i.e., the so-called strain-hardening region of the
material is observed. In all cases, the introduction of ZrO,-based nanoparticles into the perfluorinated polymer resulted
in a decrease in the elastic modulus and plastic limit of the material, along with a significant (2 — 3 times) increase in
the ultimate strain before failure (Table 4). In other words, the filler exerts a plasticizing effect on the polymer matrix,
apparently by weakening the intermolecular bond system within it.

TABLE 4. Mechanical properties of unfilled and composite films based on a perfluorinated polymer and
Zr1_ ;Y O2_¢ 5, nanoparticles.

Sample thicklrjli;:sl, m Hurr;)dity, E,MPa | 0,,MPa | o,, MPa Eps %o

LSC-1 58-175 54 554+19 | 16.1£0.7 | 17.6£0.9 | 33+4

LSC-1+0.5 wt. % Zr1—, Y 02_¢ 5, (GNC) 90 55 466+7 | 15.7+0.5 | 19.0+0.8 | 13545
LSC-1+0.5 wt. % Zr1_Y ;02_0 5, (SG) 96-105 54 378+14 | 14.8+£0.5 | 18.9+0.7 | 127+9
LSC-1+0.5 wt. % Zr1—, Y;O2_0.5, (HS) 95-105 54 305+£16 | 12.840.6 | 14.4+0.8 | 70+6
LSC-1 +0.5 wt. % Zr1_,, Y020 5, (SS) 98-100 55 32548 | 13.1+£04 | 15.5+£0.4 | 128+£11

Zr1—,Y,09_g 5, nanoparticles, synthesized by various methods, were used as a filler for the Nafion-type perfluori-
nated polymer to enhance its proton conductivity. The surface proton conductivity of unfilled and composite films con-
taining Zry—, Y O2_¢ 5, nanoparticles was measured at different temperatures using four-probe impedance spectroscopy.
It was shown that at room temperature, films containing nanoparticles with the smallest sizes and a more hydrophilic
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FIG. 8. Strain-strength curves of unfilled and composite films based on perfluorinated polymer and
Zr1_,Y,O2_¢5, nanoparticles obtained by various methods (glycine-nitrate combustion (b), sol-
gel (c), hydrothermal (d) and solvothermal (e) syntheses)

surface exhibit the higher proton conductivity, compared to an unfilled membrane (Table 5). In particular, in the case of
solvothermal synthesis, the average nanoparticle size was 3 nm, and the surface, due to the process being conducted in a
water-alcohol medium, was more hydrophilic than similar particles obtained by other methods. Furthermore, due to the
specifics of proton conductivity measurements using the four-probe method, it was important to consider the emergence
of nanoparticles on the surface of the perfluorinated polymer and their localization in the near-surface layer, which was
only achieved when the filler was produced under solvothermal conditions (Fig. 4d).

Increasing the temperature to 50 °C increased the surface proton conductivity of both the unfilled perfluorinated
polymer and its composite membranes with ZrOs-based nanoparticles. The proton conductivity of the unfilled matrix
increased by a factor of 1.5, while that of the composite membranes increased by no more than 1.3. However, the
maximum proton conductivity values were still recorded for the LSC-1 + 0.5 wt. % Zr1_, Y, O2_¢.5, (SS) sample, as at
room temperature.
membranes with

TABLE 5. Surface proton-conducting properties of LSC-1 composite

Zr1_ ;Y O2_¢ .5, nanoparticles obtained by different methods

Film Water content, Proton conductivity, S/cm
Sample thickness, wt. %, RH=100 %
pm 24 hours, 20 °C 23 °C 50 °C
LSC-1 55-65 33.0 0.10440.002 | 0.152+0.002
LSC-1+0.5wt. % Zr1 .Y 05_¢ 5, (GNC) | 80-90 32.1 0.122+0.002 | 0.157+0.009
LSC-1 +0.5 wt. % Zr1 Y ;05_¢.5, (SG) 85-95 29.3 0.108+0.002 | 0.145+0.003
LSC-1+0.5wt. % Zr;_ Y .O5_¢ 5. (HS) 85-95 27.7 0.105+0.007 | 0.148+0.006
LSC-1 +0.5 wt. % Zr1_ Y O02_¢.5: (SS) 85-95 334 0.13440.001 | 0.175+0.001

Measurements of the temperature dependence of the bulk proton conductivity of composite films based on perflu-
orinated polymer and 0.5 wt. % Zr;_,Y,O2_¢.5, nanoparticles showed that almost all compositions were inferior in
this parameter to the unfilled membrane (Fig. 9). At the same time, the range of operating temperatures of the proton-
conducting membrane was expanded from 95 to 115 °C due to the introduction of 0.5 wt. % Zr;_,Y.O2_¢.5. (GNC)
nanoparticles, which promoted the protection of sulfogroups-containing fragments from premature thermal destruction
(Table 3, Fig. 9, dependence b).

Conclusions

Nanoparticles formed in hydrothermal and solvothermal environments are approximately 3 nm in size and contain
a large number of hydroxyl groups on the surface, unlike nanoparticles of similar composition synthesized using sol-gel
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FIG. 9. Temperature dependence of the bulk proton conductivity of unfilled (a) and composite films
based on perfluorinated polymer Nafion-type with Zr;_,Y,O2_¢.5, nanoparticles obtained by various
methods (glycine-nitrate combustion (b), sol-gel (c), hydrothermal (d) and solvothermal (e) syntheses)

technology or solution combustion. Due to the high synthesis temperatures involved in the latter two methods, particles
are larger and have a more hydrophobic surface. Incorporating particles obtained in aqueous and alcohol environments
into a perfluorinated copolymer matrix imparted elasticity and increased water retention. This lowered the decomposition
temperature of sulfonic acid groups but contributed to an increase in the thermal stability of the main chain. Hydrophilic
zirconium dioxide nanoparticles did not aggregate significantly and were uniformly distributed throughout the polymer
matrix. Furthermore, surface proton conductivity in membranes containing them was higher than that of composite films
with a filler, which had a lower content of hydroxyl groups on the surface. This was particularly noticeable when particles
emerged on the surface of the perfluorinated copolymer for LSC-1 + 0.5 wt. % Zr;_, Y, O2_¢ 5, (SS). The absolute value
of the bulk proton conductivity of all composite membranes was inferior to that of the unfilled perfluorinated copolymer.
However, in the case of a sample with nanoparticles synthesized by glycine-nitrate combustion, with a low concentration
of OH groups on the surface, it was possible to increase the operating temperature range of such membranes from 95 to
115 °C. It may be promising for the development of membranes for medium-temperature fuel cells.
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ABSTRACT This study presents the synthesis of a TiOy-based composite material with transition metal (Ni,
Cu) nanoparticles using microwave radiation. The obtained materials were characterised using X-ray powder
diffraction, and the size of the nanoparticles was determined using the Scherrer equation. The photocatalytic
activity of the synthesised composites was studied in reaction of CO, reduction to CO and CH4 under the
visible light with a wavelength of 400 nm. Microwave treatment of a mixture of TiO, with transition metal
salts (Ni, Cu) and graphite was founded to decrease a photocatalytic activity in CO, reduction reaction, while
a mechanical mixture of TiO, and graphite, not subjected to microwave treatment, demonstrated increased
catalytic activity compared to unmodified TiO, Evonik P25. The decrease in catalytic activity of the case of
microwave-treated samples is associated with an irreversible phase transition of the photoactive anatase phase
into the catalytically inert rutile phase and formation of TiO;_, phases. This process is induced by overheating
during microwave synthesis, where graphite (C,) acts as an effective microwave absorber and a reducing
agent for Ti** cations in TiO,. The obtained results are interesting for the development of efficient TiO,-based
photocatalysts for CO, reduction.

KEYWORDS titanium dioxide, photocatalysis, transition metal nanoparticles, carbon dioxide reduction, X-ray
diffraction, green chemistry
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1. Introduction

Global climate change caused by greenhouse gas emissions is one of the most serious environmental problems of our
time. One of the main greenhouse gases contributing to climate change is carbon dioxide [1]. In view of this, developing
of effective methods to convert COs into useful chemical compounds or molecules that are more reactive than carbon
dioxide is a pressing issue [2].

The photocatalytic reduction of carbon dioxide using TiO; is a promising method for converting CO, into valuable
chemical compounds and is fully consistent with the fundamental principles of “green” chemistry [3]. The main advan-
tage of this approach is the ability to perform the reaction under the influence of sunlight, which minimizes energy costs
and reduces the carbon footprint of the process [4]. During the photocatalytic process on TiOs, CO45 can be reduced
to various products, including carbon monoxide (CO), methane (CHy), methanol (CH3;OH), and formic acid (HCOOH),
etc. [5]. However, the disadvantage of using unmodified titanium dioxide is its low photoactivity and the predominant
formation of CO as a product, which limits its practical application as a photocatalyst [6]. A solution to this problem can be

© Kashansky V.S., Sukhov A.V., Zhurenok A.V., Mishchenko D.D., Soficheva O.S., Kozlova E.A.,
Sinyashin O.G., Yakhvarov D.G., 2025
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the modification of TiO5 with transition metal nanoparticles (TMNPs), such as nickel and copper, including modification
with bimetallic particles, that allows not only to increase the efficiency of CO5 reduction, but also to control the selectivity
of the process towards target products, such as methane and Co products, which are of great practical importance [7-9].
In addition, the modification of titanium dioxide with carbon materials, such as graphene, is promising, allowing the
absorption edge of TiOs to be shifted to a longer-wavelength region [10].

The aim of this work is to obtain nanocomposite materials based on TiO2, modified with TMNPs (Ni, Cu) and
graphite (Cy), and to investigate their structural and catalytic properties in the process of CO2 reduction under visible
light irradiation. These materials were synthesized via microwave (MW) assisted thermal decomposition of metal acety-
lacetonate precursors in the presence of graphite under reduced pressure, enabling rapid formation of the nanostructured
system.

2. Experimental
2.1. Materials and measurements

Graphite spectral electrodes (graphite purity is 99.999 % ) were used as a source of graphite. The rods were crushed
using a metal file, and then the resulting powder was additionally ground in a mortar. The commercially available reagents
used in the experiments were copper (II) acetylacetonate (Chemkraft, > 99 % ), nickel (II) acetylacetonate (Chemkraft,
> 99.5 % ), titanium dioxide (Evonik P25), methanol (purified by distillation). Deionized distilled water was used for
photocatalyst synthesis, ultrapure water was used for kinetic experiments. Ultrapure water was produced by “NuZar Q”
water system set.

2.2. Synthesis of modified titanium dioxide

Commercial TiO2 (Evonik P25) was used as a base for the photocatalyst synthesis. To perform MW treatment, a
mixture was prepared from titanium dioxide (0.4 g) and metal salts (Ni(acac). and/or Cu(acac),) in an amount corre-
sponding to 10 wt.% of metal. In the case of synthesis of a bimetallic (Ni-Cu) catalyst, the mass fraction of the metals
was maintained in a ratio of 1:1, while their total content was also 10 wt.%. The weighed portions of the salt and TiO5
were mixed, then 15 — 20 ml of methanol was added until the complete dissolution of the salt. The resulting solution was
dispersed in an ultrasonic bath for 1 hour, and after that the solvent was removed by heating in an oil bath. The dried
powder was mixed with graphite (0.2 g) and thoroughly ground in an agate mortar until the mixture attained a uniform
colour. The resulting mixture was placed in a quartz test tube, which was connected to a vacuum line to create a reduced
pressure in the range of 80 — 100 Pa. The tube was placed horizontally, ensuring uniform distribution of the mixture in a
thin layer approximately 2 cm long. MW treatment was performed using a Hyundai HYM-M2045 household microwave
oven with an output power of 700 W. Irradiation was performed at the power 700 W for 5 minutes. Control samples
containing only C, and TiO, were prepared, with (MW-TiO2/C,) and without (TiO2/C,) MW treatment.

2.3. Photocatalyst characterization

The prepared photocatalysts were analysed by X-ray diffraction (XRD). XRD patterns of the photocatalysts was ob-
tained using a D§ ADVANCE diffractometer equipped with a LYNXEYE linear detector (Bruker AXS GmbH, Karlsruhe,
Germany) at room temperature in the 26 of 15 — 85° with a step of 0.05° with Ni-filtered Cu Ko radiation (A = 1.5418 A).
The phase composition of the photocatalysts was quantitatively analysed by the Rietveld refinement method using GSAS-
II software packages [11]. The coherent scattering region (CSR) of crystallites were estimated from the full width at half
maximum of corresponding peaks using the Scherrer formula.

2.4. Photocatalytic experiments

The photocatalytic reduction of CO; was carried out in a static glass reactor (170 ml) with a quartz window (16 cm?).
A 30 mg suspension in 500 L of ultrapure water was pre-sonicated and deposited on a glass substrate (8 cm?), followed by
drying at 50 °C in air. Prior to the reaction, the catalyst was illuminated with a 397 nm LED for 15 min to remove organic
contaminants from the catalyst surface, then transferred to the reactor containing 1 mL of ultrapure water. The system
was first purged with argon for 20 min to remove oxygen, followed by ultrapure CO3 (99.995 %) purging for 20 minutes.
Then it was illuminated with LED with an intensity maximum at a wavelength of 397 nm. The gas phase composition was
determined using a Khromos GC-1000 gas chromatograph equipped with both a flame ionization detector and a thermal
conductivity detector. The sample was collected once every 1 hour, the duration of the photocatalytic experiment was
5 hours.

3. Results and discussion

In this research, we propose an original method for modification of TiOy by TMNPs (Ni, Cu) based on the reduction
of metal salts with graphite under the action of MW radiation. The key advantage of this method is that there is one-stage
synthesis of graphene-encapsulated nickel nanoparticles by high-temperature decomposition of nickel acetylacetonate on
graphite [12], which can contribute to increasing their catalytic activity in the carbon dioxide reduction reaction. The use
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of other metal salts containing chlorides or other anions is not desirable as halogens and some other anions can strongly
decrease the catalytic activity when present in the catalytic system. Other advantages include the high synthesis rate,
environmental friendliness and simplicity of this approach. The study investigated several sample types: TiO2/C, without
MW treatment, MW-TiO,/C, subjected to MW treatment, 10 % Ni/TiO2/C,, 10 % Cu/TiO2/C,4, and a bimetallic sample
of 5 % Cu 5 % Ni/TiO5/C, — after MW irradiation.

X-ray diffraction (XRD) analysis confirmed that the sample (TiO»/C,) contains anatase and rutile, that is typical for
the commercial TiOy Evonik P25 sample, and heat treatment leads to the phase transition from anatase to rutile (Fig. 1,
Table 1). This is consistent with literature data, that this transition occurs in the range of 400 — 1200 °C [13]. At the
same time, with MW treatment, the CSR of both anatase and rutile increases, reaching 200 nm in some cases. Carbon in
the photocatalysts is represented by nanosized graphite with a mass fraction of 20 — 40 %. In addition, the presence of a
metallic phase corresponding to M® (M=Ni, Cu) can be noted in the diffraction patterns.

It has been found that rutile is reduced to mixed-valence oxides (general formula TiO,_, where 0.125 < = < 0.5)
during MW processing (Fig. 1). In the case of MW-TiO2/C, sample, TigO;5, TigO11 phases are formed only. The
composition of these phases slightly differs from the stoichiometric one. The presence of metals, especially Cu, promotes
a deeper reduction of Ti** cations in the oxide structure, in particular, with the formation of TioO3 (Fig. 2). This may be
due to the fact that metal ions in oxidation state 2+ are able to reduce the energy required for deformation of the structure
and accelerate the transition of anatase to rutile, [14,15]. The CSR of the resulting TMNPs have been found as 42 nm for
10 % Ni/TiO2/C4 sample; 90 nm for 10 % Cu/TiO2/C, sample; for the mixed sample 5 % Cu 5 % Ni/TiO2/Cy dninps
was equal to 13 nm and dcunps Was equal 24 nm. The mass fraction of the metals was close to that laid down during the
synthesis, taking into account the measurement error.

— TiOz./Cg
— MW—Ti02/Cg
| Rutile
| Graphite
| Anatase
TigOys
I TigOyy

Intensity (arb. un.)

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 80 85
26 (deg))

F1G. 1. XRD patterns of TiO5 before and after MW processing

The obtained samples were investigated in the process of photocatalytic CO, reduction. The experiments were
conducted in a photocatalytic reactor, where the LED with a maximum of intensity at the wavelength of 397 nm was
used as a radiation source (Fig. 3). Based on the data obtained, the rates of the formation of carbon dioxide reduction
products were calculated, as well as the total reduction rate (w(CO2RR)). The rate of products (CH4, CO) formation was
determined by linear approximation of kinetic curves. The total reduction rate was calculated according to the following
formula (1):

we—(CO2RR) = 2 x w(CO) + 8 x w(CHy), ()

where 2 and 8 are the coefficients for accounting the electronic balance, w(CO) and w(CHy4) — the corresponding rates of
the formation of CO and CHy, respectively.

The photocatalytic activities of the samples in CO5 reduction are shown in Fig. 4(a,b) and Table 2. For reference, the
experiments using commercial TiOy Evonik P25 were performed.
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TABLE 1. Structural properties of the photocatalysts based on XRD data

Sample Phase Mass fraction, % | CSR size, nm
TiO2/C, TiO (anatase) 66(4)" 32(2)
TiOs (rutile) 11(1) 56(5)
C, (graphite) 24(5) 68(3)
MW-TiO»/C,, TiOs (rutile) 22(5) 130(50)
C, (graphite) 22(10) 58(5)
TigO15 37(10) 50(20)
TigO11 19(5) 50(20)
10 %Cu/TiO2/Cy MW TiO (anatase) 17(5) 62(10)
TiOs (rutile) 3(1) 70(20)
C, (graphite) 35(10) 62(6)
Ti4O7 20(5) 21(5)
TizO5 5(2) 120(50)
Tiy O3 8(2) 110(40)
Cu 12(3) 90(10)
10 %Ni/TiO2/Cy; MW TiO5 (anatase) 16(3) 63(2)
TiOs (rutile) 10(2) 45(10)
C, (graphite) 33(10) 76(5)
Ti4O7 23(4) 36(10)
Ti3O5 8(2) 45(3)
Ni 11(2) 42(5)
5 %Cu 5 %Ni/TiO2/Cy MW | TiO» (anatase) 12(3) 125(50)
TiOs (rutile) 1(0.5) 200(100)
C, (graphite) 39(12) 51(5)
TisOr 22(6) 18(6)
Ti3O5 6(2) 92(50)
TisOg3 7(2) 78(30)
Cu 5(2) 24(10)
Ni 7(3) 13(5)

“the error in the last significant digit is indicated in brackets
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FIG. 2. XRD patterns of TiO, modified by TMNPs: 10 % Ni/TiO2/C, (a), 10 % Cu/TiO2/Cy (b), 5 %
Cu 5 % Ni/TiO2/Cy (c)
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F1G. 3. Photocatalytic reactor used for CO5 reduction (a) and the spectrum of the LED used (b)
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FIG. 4. (a) CO and CH4 formation rates; (b) total CO5 redaction rates for TiO2/C, and X % M/TiO2/C,,
photocatalysts (M = Ni, Cu, or Ni—Cu). Conditions: M (cat.) = 30 mg, ¢ (reaction) = 5 hours. Light
source: LED with A = 397 nm
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TABLE 2. Photocatalytic CO, reduction activity of the synthesized catalysts

Catalyst w(CO), pmol gt h=! | w(CHy), umol gt h™! | w,_, ymol g_;} h~1
MW-TiO,/C, 0.72 0.04 1.74
Ti0,/C, 1.30 0.40 5.80
10 % Cu/TiO4/C, 0.50 0.02 1.19
10 % Ni/TiO/C, 0.66 0.04 1.66
5 % Cu/5 % Ni/ TiO2/C, 0.47 < 0.01 1.01
TiO, Evonik P25 0.90 0.06 2.28

The highest activity was possessed by the photocatalyst TiO2/C,4, which was not exposed by MW-irradiation
(Fig. 4(a,b)). The activity of this sample is more than two times higher than the activity of the commercial TiO5 Evonik
P25, which may be related to the shift in the absorption edges of TiO5 due to the presence of graphite. It should be noted
that the rate of methane formation over this catalyst was higher compared to other samples, suggesting that graphite acts
like a metallic cocatalyst (Fig. 2(a)) [16].

For all photocatalysts subjected to MW treatment, a decrease in activity was observed compared to unmodified TiO2
Evonik P25. This can be attributed to a decrease in the content of catalytically active phase of anatase and the formation of
reduced titanium oxide phases with overall formula TiO5_, (0.125 < = < 0.5), which do not show photocatalytic activity.
In addition, a significant increase in the CSR of titanium oxides results in decreasing of the photocatalytic activity.

4. Conclusion

As the result of this study, it was found that MW reduction of the investigated metals (Ni, Cu) on TiO surface leads
to the formation of a composite material containing Ni and Cu nanoparticles. However, contrary to expectations, such
a modification caused a decrease in photocatalytic activity compared to original TiO5. XRD analysis showed that this
decrease is due to two main factors: an irreversible phase transition of photoactive anatase to catalytically inert rutile and
partial reduction of TiO, during the synthetic process. These processes are initiated by a system local overheating caused
by intensive absorption of MW radiation with graphite. The highest catalytic activity was demonstrated by the control
sample TiO»/C,, which was not subjected to MW, which confirms the negative impact of the modification method on the
functional properties of the material. The results obtained are important for the development of TiO5 modification strate-
gies, indicating the need to use softer synthetic protocols that exclude structural and phase transformations of an oxide
matrix. This work makes a significant contribution to the understanding of restrictions related to the use of microwave
synthesis for the modification of photocatalysts, and offers new criteria for the development of effective catalytic systems
based on TiOs.
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ABSTRACT The nature of the interaction between metals and a catalyst support is a crucial factor in determin-
ing the dispersed state of active component phases. In this study, a series of Ni-Mo/ZSM-23 catalysts for the
hydroprocessing of plant lipids was prepared by incipient wetness impregnation. The catalysts were prepared
by a different sequence of metal deposition and using various complexing agents. The catalysts were investi-
gated by a few physico-chemical methods (TPR, UV-Vis spectroscopy, XRD, TPD-NH3, Raman spectroscopy,
HRTEM). It was found that the charge of the ZSM-23 zeolite surface (positive/negative) and the type of metal
ions in the impregnation solution affect the formation of phases on the support surface. The use of ammonia
impregnating solutions leads to the formation of phases NiO, a-NiMoO, and 8-NiMoO,. In the case of using
aqueous and citrate impregnating solutions, only the formation of NiO and 3-NiMoQO, phases is observed.
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1. Introduction

Currently, the study of nickel-containing catalysts on zeolites is relevant for the hydroprocessing plant lipids (fatty
acids, microalgae lipids, waste cooking oils) to obtain iso-alkanes [1,2]. This process is carried out to obtain motor fuels
similar in their characteristics to diesel and aviation fuels obtained from fossil raw materials [3]. One of the promising
supports is the zeolite ZSM-23 [4—6], which, due to its one-dimensional channel system, makes it possible to increase
the selectivity of isomerization by suppressing the formation of multibranched alkanes, which can easily be subjected to
a side process of hydrocracking. To increase the activity and stability, the catalysts can be modified with transition metals
such as Mo [7], W [8], Co [9], Cu [10]. As has been shown in several studies, molybdenum has the greatest effect on
the activity of nickel-containing catalysts in the hydroprocessing of plant lipids [7, 11]. Since the nature of metal-support
interaction is one of the determining factors in the formation of the dispersed state of the phases of the active component,
it is important to know the form the metals in the impregnating solution, as well as charge of the support surface. It
is known that surface polarization occurs in an aqueous medium and, depending on the pH of the medium, the support
surface can be positively or negatively charged [12]. The pH value at which the surface of the support is not charged is
called the point of zero charge (PZC) [13]. In contact with impregnating solutions more acidic than PZC, the surface of
the support is positively charged and adsorbs anions. If the impregnating solution is more alkaline than PZC, then the
surface of the support is negatively charged and cations are adsorbed [13, 14].

One of the common methods of preparing Ni-Mo catalysts is incipient wetness impregnation, in which the sequence
of metal deposition may differ — first Ni, then Mo [15, 16]; first Mo, then Ni [17, 18] and co—precipitation [11,19-22]. The
composition of the impregnation solution may also differ, the most used are aqueous [11, 15-18], citrate [20,21] and am-
monia [19,22]. All these parameters can affect the distribution of metals on the surface and the degree of their interaction
with the support, which in turn will determine the catalytic activity. While the impact of various preparation parameters on
traditional hydrodesulfurization (HDS) catalysts has been studied, the influence of these parameters on catalysts designed
for the hydroprocessing of plant-based lipids is less well understood. This presents a significant knowledge gap, as the
oxygen-rich nature of lipid feedstock and specific reaction pathways, such as deoxygenation, require different demands
on catalyst active sites compared to sulfur removal. In particular, the effect of impregnation solution composition on
the physicochemical properties and phase evolution of Ni-Mo catalysts optimized for lipid upgrading has not been fully
investigated.
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The effect of the composition of impregnating solutions on the physico-chemical properties of Ni-Mo catalysts for
the hydroprocessing of plant lipids has not been comprehensively discussed in literature. Therefore, the purpose of this
work is to study the effect of the composition of impregnating solutions on the formation of phases of the oxide form of
active component in Ni-Mo catalysts based on zeolite ZSM-23. This article focuses on the impact of the composition of
the impregnation solution on the interaction between the metal and the support, as well as the final distribution of nickel
and molybdenum atoms, in order to establish rational design principles for more efficient hydroprocessing catalysts for
renewable fuels.

2. Experimental
2.1. Materials

Zeolite ZSM-23 in H form with a SiO3/Al,03 = 48 was used as a support (Zeolyst International, USA). Nickel (I)
nitrate Ni(NOg)2 - 6H20 (> 98 %)(Reachim, Russia) and ammonium paramolybdate (NH4)gMo7O24 - 4H20 (> 98 %)
(Laverna, Russia) were used as metal precursors. Citric acid CgHgO7 (Base No. 1 of Chemical Reagents, Russia) and
25 % ammonia solution (Base No. 1 of Chemical Reagents, Russia) were used as complexing agents. Technical oleic
acid (Reachim, Russia) (hereinafter referred to as the FAs mixture) was used as a model raw material, which includes
palmitic (5.1 mol. %) (stearic (3.1 mol. %) (oleic (59.2 mol. %) (linoleic (30.4 mol. %) (linolenic acid (1.7 mol. %) (and
arachidonic (0.5 mol. %) acids.

2.2. Preparation of catalysts

The catalysts with the following composition — 5 % Ni — 2.5 % Mo/ZSM-23 were prepared by incipient wetness
impregnation. One of the samples was prepared by sequentially deposition of metals — first Ni, then Mo. Other samples
were prepared by applying an impregnation co-solution in the presence of various complexing agents and with different
pH. The NiMo-wat sample was prepared from an aqueous co-solution, the NiMo-cit sample — from a citrate co-solution,
NiMo-amm-9 — from an ammonia co-solution with pH = 9, and NiMo-amm-11 — from am ammonia co-solution with
pH = 11. After metal deposition, the catalysts were dried at 120 °C for an hour and then calcined at 550 °C for 2 h.
Before the catalytic experiments, the samples were reduced in sifu in a flow of hydrogen (500 ml/min) for an hour at
550 °C at atmospheric pressure. Before physico-chemical studies, the samples were reduced under a hydrogen flow of
500 ml/min for an hour at a temperature of 550 °C at atmospheric pressure, then passivated with ethanol.

2.3. Characterization of the catalysts

The pH PZC for zeolite ZSM-23 was determined using the weight titration method [23,24]. 50 ml of an electrolyte
solution (0.01 M NaCl) was added to a 100 ml glass. Then, the zeolite was added to beaker in small portions (0.1 g each) at
certain intervals (5 — 10 min) with continuous stirring on a magnetic stirrer, until unchanged pH values of the solution were
reached. pH was measured using the Multitest IPL-301 pH meter (Russia). The techniques of temperature-programmed
reduction (TPR), temperature-programmed desorption of ammonia (TPD-NH3), diffuse reflection spectroscopy in the UV
and visible regions (UV-Vis DRS), Raman and IR spectroscopy, X-ray diffraction analysis (XRD) were described ear-
lier [25,26]. The sample microstructure was examined by High-Resolution Transmission Electron Microscopy (HRTEM)
using a ThemisZ microscope (Thermo Fisher Scientific, USA) at an accelerating voltage of 200 kV (point-to-point reso-
lution: 0.07 nm).

2.4. Catalytic tests

The catalytic experiments were carried out in a flow reactor. The loading of the catalyst (fraction 0.25 — 0.5 mm) was
1 g. For uniform heat exchange, the catalyst was mixed with quartz (0.63 — 1.0 mm) — 3.8 g. The process was carried
out at 300 °C, in a flow of hydrogen and argon (500 and 200 ml/min, respectively). WHSV was 8.4 h™!, the ratio of
hydrogen to fatty acids Ho/FAs for standard experiments was 3150 m3/m?>. The time-on-stream was 10 h. The pressure
was 2.5 MPa. The fractional composition of the liquid products of the hydroprocessing was determined by the method of
simulated distillation (Sim-Dist) [27] The group composition of the liquid products was studied by two-dimensional gas
chromatography (GCxGC) [27].

3. Results and discussion
3.1. Analysis of impregnating solutions

According to weight titration data, the pH PZC for zeolite ZSM-23 was 4.3. Table 1 shows the pH values of the
impregnating solutions. The methods of Raman and IR and UV-vis spectroscopy were used to determine the kind of
metal ions in impregnating solutions.

In Fig. 1 and Fig. 2, the IR and Raman spectra of impregnating solutions is shown. In the Raman spectrum of the
Ni(NO3), solution, a single band with a maximum of about 1046 cm™! is observed, related to the n,(NOs) oscillation
of the nitrate ion. In the IR spectrum of this solution, bands of water 1627 cm™! (§(H20)) and nitrate ion 1345 cm™?,
1385 cm™! (n,(NO3)), 1046 cm™! (n,(NO3)), 830 cm ™! (§,,(NO3)) are observed [28]. The band of a doubly degenerate



874 K.S. Kovalevskaya, R.G. Kukushkin, O.0. Zaikina, O.A. Bulavchenko, V.A. Yakovlev

TABLE 1. pH of impregnating solutions

Catalysts pH of impregnating solutions
Ni(NO3)2 (NH,)sMo7Os4
Ni-Mo 5.08 504

NiMo-wat 302
NiMo-cit 2.68
NiMo-amm-9 910
NiMo-amm-11 10.99
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FI1G. 1. Raman spectra of impregnating solutions

asymmetric valence oscillation for a free nitrate ion is split into two components (1345 and 1385 cm™!), which indicates
the coordination of nitrate ions to nickel cations. Thus, the spectrum corresponds to the compound Ni(H30),(NO3),,.

Bands 897 and 944 cm ™! are observed in the Raman spectrum of the ammonium paramolybdate solution. Bands
894, 839, 1451 and 1634 cm ™! are observed in the IR spectrum of this solution. The appearance of the obtained spectra
indicates that both paramolybdate Mo7054%~ (944 cm~' — Raman and 894 cm ™! — IR) and monomolybdate MoO,2~
(897 cm~! — Raman, 839 cm ™! — IR) ions are present in the solution [29]. In addition, ammonium ions (1451 cm~! in IR)
and water (1634 cm ™" in IR) are present in this solution. A band of paramolybdate 944 cm™' and nitrate 1046 cm™ " is
observed in the Raman spectrum of NiMo-wat. Bands of paramolybdate 904 and 929 cm ™! and nitrate 1382, 1344, 1046
and 830 cm ™! and water 1627 cm ™" are also observed in the IR spectrum of this solution. The Raman and IR spectra of
the NiMo-cit solution correspond to the spectrum of the mixed Ni,MoCit complex [21]. The spectra of NiMo-amm-9 and
NiMo-amm-11 solutions turned out to be similar, therefore, one spectrum is given for an ammonia impregnation solution.
The bands M0042* 894 cm ™! and 1048 cm™! nitrate are observed in the Raman spectrum of the NiMo-amm solution.
In the IR spectrum of this solution, in addition to the bands of monomolybdate (827 cm ™) and nitrate (1380, 1346 and
1043 cm™'), a band of NHj is observed, probably coordinated to nickel cations (1244 cm™h).

Analyzing the obtained spectra of impregnating solutions and pH PZC for zeolite ZSM-23, a scheme can be proposed
for the electrostatic interaction of the surface of zeolite ZSM-23 and metal ions in impregnating solutions (Fig. 3). As
mentioned earlier, at pH < PZC, the zeolite surface is positively charged and presumably adsorbs anions on its surface. At
pH > PZC, the zeolite surface is negatively charged and preferentially adsorbs cations. According to the IR and Raman
spectra, in solutions with a pH below 7, molybdenum mainly presents in the form of polymolybdate anions [Mo;024]%~
and [MogOg6]*~. In solutions with a pH greater than 7, molybdenum presents mainly in the form of monomolybdate
ion [MoO4]?~. Thus, 3 groups of catalysts can be distinguished in accordance with the charge of the zeolite surface and
the state of molybdenum in the impregnation solution during preparation. The first group of catalysts includes samples
in which, during preparation, the zeolite surface is positively charged, and molybdenum is in the form of polymolybdate
ions. These are NiMo-wat and NiMo-cit catalysts. The second group includes catalysts, in which the zeolite surface is
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F1G. 3. Scheme of electrostatic interaction of zeolite ZSM-23 and metal ions in impregnating solutions

negatively charged during preparation, and molybdenum is in the form of polymolybdate ions. This is a sample of Ni-Mo.
The third group includes catalysts, in which the zeolite surface is negatively charged during preparation, and molybdenum
is in the form of monomolybdate ions. These are the NiMo-amm-9 and NiMo-amm-11 samples. It can be expected that
the most uniform distribution of nickel and molybdenum will be in the 3rd group of catalysts, since the charge value of
metal ions is the same ([Ni(NH3)s]?>" and [MoO4]?>~), which can lead to the formation of a complex with a metal ratio
Ni/Mo = 1. In the case of other catalysts, the charge value of the paramolybdate ion is higher ([M0702415~, [M0gOa]*~
and [Ni(H20)g]%"), therefore, most likely, complexes with a metal ratio of Ni/Mo = 3 will form in the solution.

3.2. UV-vis spectroscopy

To obtain information on the coordination of metal atoms, UV-vis spectra for Ni-Mo/ZSM-23 catalysts in oxide form
were recorded. For all catalysts, two main absorption regions can be distinguished — from 10000 to 30000 cm ™! (Fig. 4a)
and from 30000 to 45000 cm ™! (Fig. 4b). In the first absorption region (visible range), due to the manifestation of d-d
transitions of Ni*T cations, several main absorption bands can be distinguished. The band at 13800 cm ™" corresponds
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to Ni?* particles stabilized in an octahedral oxygen environment (Ni2*0},), and the band at 15200 cm~! corresponds to
Ni?™ particles in a tetrahedral oxygen environment (Ni>"T). Also, in the spectra of all bimetallic catalysts, there is a wide
absorption band at 12220 cm ™!, which corresponds to distorted octahedral Ni>*(O},) particles, which is associated with
the formation of a joint Ni-Mo phase in the form of NiMoOy, [30,31]. The intensity of the absorption band may indirectly
indicate the size and availability of metal particles. Thus, the lowest absorption in the region of 10000 — 15000 cm ™" is
observed for the Ni-Mo catalyst, which may indicate the blocking of nickel particles by molybdenum particles [32]. The
highest absorption in this region is observed for NiMo-amm-9, which may indicate the most dispersed nickel particles.
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FI1G. 4. UV-vis spectra of NiMo/ZSM-23 catalysts in oxide form in the range: (a) from 10000 to
30000 cm™*, (b) from 10000 to 45000 cm™*

The second absorption region (UV range) is usually due to the manifestation of charge transfer bands of ligand-
metal cations Ni>™ or Mo®" or the general absorption of massive systems such as NiO oxide or MoOj3 [7,32,33]. The
most intense absorption in this area is observed for the NiMo-amm-9 catalyst. This may be due to the formation of
monomolybdates [MoO4]?~ in an ammonia impregnation solution, which, when calcined, form smaller particles com-
pared to particles obtained from polymolybdates [M07024]6* and [M08024]4* [31]. It is difficult to identify absorption
bands for octahedral and tetrahedral forms of molybdenum Mo®™ cations, since these bands are poorly expressed due to
the small amount of molybdenum in catalysts.

3.3. Raman spectroscopy

The catalysts in the oxide form were investigated by Raman spectroscopy to determine the types of metal particles
in the samples. In the spectra (Fig. 5) of all catalysts, a band at 961 cm™! is observed, which refers to V, (Mo=0)
oscillations of the a-NiMoQOy phase [11, 34,35]. A small band at 914 cm ™! is also found in the spectra of the NiMo-
amm-9 and NiMo-amm-11 catalysts, which corresponds to V,(Mo=0) oscillations of the a-NiMoOy phase [11, 34].
The appearance of additional bands indicates an increase in the amount of a-NiMoO, phase in the NiMo-amm-9 and
NiMo-amm-11 catalysts. Trace amounts of the 5-NiMoO, phase may also be present in all samples, fluctuations of
which should be observed at 900 and 945 cm ™" [35,36]. It is worth noting that with an increase in the pH of the ammonia
impregnation solution, the intensity of the a-NiMoO,4 phase band increases, which may indicate an increase in its amount.
No oscillation bands related to the MoO3 phase were detected.

3.4. Temperature-programmed reduction

For all catalysts on the TPR profiles (Fig. 6), hydrogen absorption in the range from 150 to 350 °C is not observed,
which indicates the absence of massive NiO particles [18]. The rest of the TPR profile can be divided into 4 components.

The particles of of nickel oxides weakly bound to the surface of the support [17,22,37] are reduced at temperatures
of 350 — 450 °C. In the case of NiMo-cit catalyst, the absence of this reduction maximum may be due to the formation
of a Ni,MoCit complex in the impregnation solution, by analogy with Cos[Mo4011(CgH507)2] [38], from which, upon
calcination, co-oxides of Ni and Mo or particles of NiMoO, are formed [7,39]. The next maximum reduction in the region
0f 450 — 520 °C corresponds to the reduction of interacting NiO and MoQj particles. Interaction can be understood as both
physical contact between particles [25] and chemical interaction — the formation of the NiMoOy4 phase [40]. Further, at a
temperature of about 560 °C, Mo is reduced to Mo** [17,37,41], which corresponds to the reduction of molybdenum
oxide particles that do not encounter nickel-containing particles. At temperatures of 700 — 750 °C, molybdenum is further
reduced to a metallic state [7, 18,41]. It is also worth noting that the amount of hydrogen absorbed differs from catalyst
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to catalyst. The largest amount of absorbed hydrogen is observed for the Ni-Mo sample. In the case of impregnation
co-solutions, the smallest amount of absorbed hydrogen is observed for samples NiMo-amm-9 and NiMo-amm-11. This
may indicate that in catalysts prepared from ammonia impregnation solutions, there is a stronger interaction of the active
component with the surface of the support compared to other samples [42].

3.5. X-ray diffraction analysis

All diffractograms (Fig. 7) show the reflexes of the support — ZSM-23. For all catalysts, a peak at 37.2° can be
identified, which refers to 111 NiO (PDF 47-1049). However, for the catalysts prepared by impregnation co-solutions,
this peak is weakly expressed. This may indicate the presence of highly dispersed NiO particles, or a smaller number of
them than in the Ni-Mo catalyst. Also, for all catalysts, a peak is observed at 26.7°, which corresponds to 3-NiMoQO,
(PDF 45-142). For the NiMo-amm-9 and NiMo-amm-11 catalysts, a peak at 28.8° can be distinguished, which belongs
to a-NiMoOy4 (PDF 9-175). Since the diffractograms show relatively weak signals from phases containing nickel and
molybdenum, which also overlap with peaks of the support, the intensity ratio of certain phase peaks was used for only
qualitative comparison of catalysts. The evaluation method is described in detail in the experimental part. As a com-
parison, Table 2 shows the ratio of intensities (I) at various points for the zeolite, the remaining samples were analyzed
relative to this “control point”.
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F1G. 7. Diffractograms of NiMo/ZSM-23 catalysts in oxide form

Based on the data given in Table 2, the 8-NiMoO, phase can be identified in all catalysts. The «-NiMoOy4 phase
presents only in catalysts prepared from ammonia impregnation co-solutions. It is known that pure 5-NiMoOy is a
metastable phase that exists at high temperature [43]. However, with an excess of nickel in the catalyst (atomic ratio
Mo/(Ni+Mo) < 0.5), the 5-NiMoO, phase can be stable at room temperature [44, 45]. Apparently, nickel-enriched
particles forming the 5-NiMoQO, phase are present in all catalysts. In the catalysts NiMo-amm-9 and NiMo-amm-11,
nickel and molybdenum are distributed more evenly, which allows obtaining the stoichiometric phase a-NiMoOy4. The
observed phenomenon regarding the formation of phases is consistent with the previously proposed scheme of electrostatic
interaction of metals in solution and with the surface of the support.

Figure 8 shows X-ray images of Ni-Mo/ZSM-23 catalysts in reduced form. Narrow peaks of the support (zeolite
ZSM-23) are present on all diffractograms. For all catalysts, a peak is observed at 44.1°, which corresponds to (111)
Ni (PDF 04-0850). A peak at 51.7° is also observed for the Ni-Mo sample, corresponding to (200) Ni (PDF 04-0850).
Reflexes corresponding to the molybdenum-containing phases are not observed.
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TABLE 2. Structural characteristics of NiMo/ZSM-23 catalysts in oxide form

[(3-NiMo0O,)/ | I(@-NiMoO,)/ | I(NiO)/ | I(3-NiMoO,)/ | _ Phase
Catalyst [(ZSM-23) I(ZSM-23) | I(ZSM-23) | I(a-NiMoOy) | composition CSD, A
ZSM-23 0.48 0.03 0.32 — ZSM-23 —
SNi-ZSM-23 0.39 ~0.05 1.98 — NiO 300
ZSM-23
NiO
Ni-Mo 0.95 ~0.05 1.55 — B-NiMoO, | 160
ZSM-23
NiO
NiMo-wat 1.32 ~0.06 0.62 — B-NiMoO; | 60
ZSM-23
NiO
NiMo-cit 0.76 ~0.01 0.82 — B-NiMoO; | 90
ZSM-23
NiO
NiMo-amm-9 0.64 0.25 0.99 2.6 gﬁiﬁggi 170
ZSM-23
NiO
NiMo-amm-11 0.69 0.21 0.65 33 ggmggi 110
ZSM-23
Ni
111 Ni
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F1G. 8. Diffractograms of NiMo/ZSM-23 catalysts in reduced form

The structural characteristics of the reduced catalysts are presented in Table 3. The lattice parameter for pure nickel
is 3.523 A. For the Ni-Mo sample, this parameter is practically the same, which may indicate the absence of Ni-Mo solid
co-solutions. For the remaining samples, the lattice parameter is greater than that of pure nickel, which is associated with
the formation of solid co-solutions.

Apparently, this is because nickel and molybdenum, being in the same impregnation solution, can interact to form
various complexes, which, when fixed on the surface and further calcination, give solid solutions. It can also be noted that
the use of impregnation co-solutions helps to reduce the size of CSD for nickel particles.

3.6. High-resolution transmission electron microscopy

To determine the distribution of metals on the surface of zeolite ZSM-23, catalysts in oxide form were studied by
HRTEM. The resulting images and the energy dispersive X-ray (EDX) mapping analysis data of the studied samples are
shown in the Fig. 9. The average size of Ni- and Mo-containing particles is represented in Table 4.

The largest size (Table 4) — 14 nm — of metal-containing particles is observed in the Ni-Mo catalyst, which is prepared
by successive deposition of Ni and Mo. Smaller particles are observed in the other catalysts prepared from impregnation
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TABLE 3. Structural characteristics of NiMo/ZSM-23 catalysts in reduced form

Sample confl)[l)ljssiiion par];ﬁ:t(;i A CSD, A Nilf_C:I:/[om
Ni-Mo ZSM-23 Ni 3.528 120 0.01
NiMo-wat ZSM-23 Ni 3.562 80 0.08
NiMo-cit ZSM-23 Ni 3.567 100 0.09
NiMo-amm-9 | ZSM-23 Ni 3.575 70 0.11
NiMo-amm-11 | ZSM-23 Ni 3.571 70 0.10

uaa Al

_ NiMoO,

F1G. 9. HRTEM and EDX images for NiMo/ZSM-23 catalysts in oxide form
TABLE 4. Average particle size (HRTEM) for NiMo/ZSM-23 catalysts in oxide form

Catalyst Average particle size, nm
Ni-Mo 14.1+£0.2
NiMo-wat 34+0.1
NiMo-cit 35+£0.1
NiMo-amm-9 32+0.1
NiMo-amm-11 3.1£0.1
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co-solutions. The determination of the interplane distance showed that in the Ni-Mo catalyst, most of the particles are a
phase of nickel oxide. Molybdenum, in the form of a phase of molybdenum oxides, has a dispersed distribution and is
localized on the surface of NiO particles and the surface of the support. NiMoO, particles are also observed for NiMo-
wat and NiMo-cit catalysts. For catalysts prepared from ammonia impregnation solutions, NiMoO, particles are mainly
observed in HRTEM images, and to a lesser extent, NiO particles. Thus, the use of impregnation co-solutions contributes
to the formation of joint Ni-Mo phases. The use of ammonia impregnating solutions leads to a more uniform particle size
distribution and the formation of mainly joint Ni-Mo phases.

According to the EDX mapping data, the distribution of Ni and Mo is quite close for the NiMo-cit and NiMo-wat
samples — Ni- and Mo-containing particles with close boundaries and positions could be observed. The main differences
were observed for the Ni-Mo sample. On the one hand, Ni-containing particles were found. On the other hand, the
distribution of Mo-containing particles was very uniform and close to the distribution of Si, which may mean that Mo is
uniformly distributed on the surface of the oxides in contrast to Ni. The distribution of Ni and Mo was close in the case
of NiMo-amm-11 and quite uniform for both elements, which is in good agreement with our assumption of more uniform
distribution of Ni and Mo in the case of using ammonia impregnating solution.

3.7. Temperature-programmed desorption of ammonia

The number of acid centers (AC) in the reduced catalysts was determined using temperature-programmed desorption
of ammonia. The obtained TPD-NHj profiles are shown in Fig. 10.
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F1G. 10. TPD-NHj3; profiles of zeolite ZSM-23 and reduced catalysts

Table 5 shows the amount of desorbed ammonia from various zeolite centers and reduced catalysts. The acid centers
of zeolite can be divided into 3 groups according to strength: weak, from which ammonia is desorbed at temperatures
below 275 °C, medium (275 — 400 °C) and strong (over 400 °C) [4, 5,46-48]. TPD-NHj profiles exhibit two clearly
distinguishable desorption maxima, which correspond to typical TPD profiles for this zeolite [46—48]. The first maximum
is in the temperature range of 100 — 350 °C and corresponds to the desorption of ammonia from weak and medium AC.
The high-temperature peak of ammonia desorption, observed in the range of 350 — 550 °C, corresponds to medium and
strong AC [46—48].

For all catalysts, compared with zeolite ZSM-23, there is a decrease in the number of weak and strong AC. This takes
place because metal particles interact with these types of AC during application, thereby blocking them [49]. An increase
in the number of average AC is observed for all samples. Also, transition metal-based catalysts usually have increased low
and medium acidity due to the appearance of weak acid centers of transition metals [50,51]. The increase in the number
of average AC may also be due to the presence of MoO,, particles in the catalyst [52,53].

3.8. Catalytic tests

The component composition of the liquid organic product obtained at the 10" (last) hour of the process is shown in
Table 6. The following groups of compounds were found in the organic phase: alkanes, isoalkanes, alkenes, cycloalkanes,
aromatic compounds and O-containing compounds — fatty acids, esters of fatty acids, lactones, alcohols. Cg-Cy5 fatty
acids are formed as a result of hydrocracking of the initial C14-Cyg fatty acids. Alcohols are formed as a result of
hydrogenation of fatty acids and are an intermediate product of deoxygenation [17]. Esters can be formed from fatty
acids (initial and shorter ones) and alcohols, which are obtained in the hydroprocessing from fatty acids [17]. Lactones
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TABLE 5. The number of acid centers according to TPD-NHj3

Sample Desorbed amount of NH3, mmol/g
Weak AC | Medium AC | Strong AC by

ZSM-23 503 164 288 955
Ni-Mo 454 207 183 744
NiMo-wat 488 201 220 910
NiMo-cit 465 182 217 864
NiMo-amm-9 475 191 215 881
NiMo-amm-11 482 196 217 895

are internal cyclic esters and can be formed from fatty acids [54]. C;5-C;g linear alkanes are formed from the initial
Cq14-Cyg fatty acids through the deoxygenation stage. Cs5-Cy4 linear alkanes are formed as a result of hydrocracking
of linear alkanes C;5-Cig, as well as from fatty acids with a shorter chain length than in the initial mixture. Alkenes
are intermediates of hydrocracking and hydroisomerization processes [55]. Cs-Cig isoalkanes are formed during the
hydroisomerization of the corresponding linear alkanes. Aromatic compounds are products of alkene dehydrocyclization.
Cycloalkanes can be products of hydrogenation of aromatic compounds [1,56].

The content of O-containing compounds in a liquid organic product differs for catalysts prepared by different meth-
ods. The lowest content of O-containing compounds is observed when using a Ni-Mo catalyst (9.4 wt. %). In the case
of using NiMo-amm-9 and NiMo-amm-11 catalysts, a slight increase in the amount of O-containing compounds is ob-
served — 12.4 and 13.7 wt. %, respectively. The least active catalysts are NiMo-wat and NiMo-cit, for which the amount
of O-containing compounds is 32.6 and 49.3 wt. %, respectively. This behavior of catalysts may be related to the varying
degrees of interaction of molybdenum particles with the surface of the support. According to the scheme of electrostatic
interaction (Fig. 3), during the preparation of NiMo-wat and NiMo-cit catalysts, molybdenum in the form of polymolyb-
date ions ([M070441%~ and [M08026]4*) interacts with the positively charged surface of ZSM-23 zeolite, which can lead
to a strong metal-support interaction [57,58]. As a result, the ability to activate O-containing compounds may decrease.
It was previously shown that the active phase of the oxide precursors of sulfide hydrotreating catalysts can directly affect
the activity of the final catalysts in the hydrotreating process. It was shown that massive sulfided Ni-Mo catalyst is active
in the hydroprocessing of sulfide model compounds in the series of works [59, 60]. At the same time, the composition of
the sample contained both a-NiMoO, and 5-NiMoQO, phases in the oxide form, but the S-NiMoO, phase was the main
one. Apparently, in our case, the interaction of the molybdate phases with the support can stabilize the a-NiMoO, phase
in some cases (Table 2), which also leads to a change in the selectivity towards oxygen-containing compounds (Table 6).

The target products of the hydroprocessing are isoalkanes. The smallest amount of iso-alkanes is observed when
using NiMo-wat and NiMo-cit catalysts. Apparently, this is due to their low activity, which is confirmed by the amount of
O-containing compounds in the liquid organic product. The largest amount of isoalkanes is observed in the case of using
the NiMo-amm-11 catalyst (35.2 wt. %)(which may be due to its higher acidity than that of the Ni-Mo and NiMo-amm-9
samples (Table 5). On the one hand, previous studies have demonstrated the influence of zeolite-type catalyst support
acidity on the yield of isomerized alkanes produced from vegetable oils [61]. On the other hand, it has also been shown
that metal incorporation into catalyst supports, such as tungsten, can directly affect their acidity, and consequently, the
yield of isomerized alkanes during the hydroprocessing of sunflower oil with using PWO_-Al,Oj3 catalysts [62].

Thus, from the point of view of the composition of the liquid organic phase, the NiMo-amm-11 catalyst is the most
promising. Despite the fact that the amount of O-containing compounds on this catalyst was not minimal (13.7 wt. %)
(the content of isoalkanes in the liquid organic product turned out to be maximum (35.2 wt. %).

Figure 11 shows the change in the fractional composition of the liquid organic product obtained at the 10" (last)
hour of the process, depending on the catalyst. The largest proportion of the “diesel” fraction is observed in liquid
organic products produced on Ni-Mo, NiMo-amm-9 and NiMo-amm-11 catalysts. Liquid organic products produced on
NiMo-wat and NiMo-cit catalysts have a high content of “vacuum gasoil” and “vacuum residue”. This behavior of the
fractional composition is consistent with the data of two-dimensional gas chromatography, where a similar dependence of
the amount of O-containing compounds on the catalyst was observed.
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TABLE 6. Composition of the liquid organic phase at the 10! (last) hour of the process, according to
two-dimensional gas chromatography data

Sample Ni-Mo | NiMo-wat | NiMo-cit | NiMo-amm-9 | NiMo-amm-11
Compound wt. %
O-containing compounds: | 9.4 32.6 49.3 124 13.7
Cs-Cy5 FAs 0.0 0.0 0.0 0.0 0.3
Cg-C35 lactones 2.7 7.6 9.8 3.5 33
Cy0-Cy5 esters of FAs 4.9 20.9 34.1 6.5 5.6
Cy-Cs5 alcohols 0.6 1.1 2.3 0.7 0.2
C16-Cqp initial FAs 1.2 3.0 3.1 1.7 43
Hydrocarbons total: 90.6 67.4 50.7 87.6 86.3
C10-Cg5 cycloalkanes 3.5 3.8 1.7 3.0 1.1
Cg-Cy aromatics 34 1.2 1.7 2.4 0.0
C5-Cy5 alkanes 35.0 19.7 17.0 28.6 26.9
C5-C;g isoalkanes 304 17.8 12.2 27.1 352
C5-Cy5 alkenes 18.3 249 18.1 26.5 23.1
i/n C5-Cig 0.9 0.9 0.7 0.9 1.3
C5-Cg alkanes 0.6 0.5 0.4 0.6 0.7
C5-Cg isoalkanes 0.2 0.1 0.1 0.1 0.2
C;5-Cg alkenes 0.2 0.2 0.1 0.2 0.8
i/n C5-Cg 0.3 0.2 0.1 0.2 0.3
Cy-Cq4 alkanes 1.1 0.6 0.5 1.0 09
Cy-Cy4 isoalkanes 0.9 0.4 0.3 0.6 0.6
Cy-C14 alkenes 2.1 1.8 1.1 2.3 3.0
i/n Cg-Crq 0.8 0.6 0.5 0.6 0.6
C;15-Cyg alkanes 333 18.6 16.1 27.1 253
C5-C;g isoalkanes 29.3 17.4 11.9 26.4 34.4
C15-Cys alkenes 16.0 22.9 16.9 24.0 19.4
i/n C15-Cis 0.9 0.9 0.7 1.0 14
Of;l:ié’;l:ggi‘i . 833 | 877 90.1 85.8 85.4




884 K.S. Kovalevskaya, R.G. Kukushkin, O.0. Zaikina, O.A. Bulavchenko, V.A. Yakovlev

[ liBr-140°c B 140-240°¢ [ 240-350°¢ [7777] 350-500°¢ [_]500°¢-FBP

100 — Eﬂg ——

80 -

60 ]

2\

40

Weight fraction, wt. %

20

L=l

2
& &

FIG. 11. Fractional composition of the liquid organic phase obtained at the 10" (last) hour of the
process, according to SimDist

4. Conclusion

In this work, a series of Ni-Mo catalysts based on zeolite ZSM-23 was synthesized by incipient wetness impregnation
using various impregnation solutions. Aqueous, citrate, and ammonia solutions with different pH were used as impregna-
tion solutions. According to IR and Raman spectroscopy data, in impregnating solutions with a pH of less than 7 (aqueous
and citrate solutions), nickel is represented as the Ni(H,0)s>" ion, and molybdenum is present as polymolybdate ions
([M070241%~ and [MogO26]*7). In solutions with a pH of more than 7 (ammonia solutions), nickel is present as the
Ni(NH3 )62+ ion, and molybdenum is present as the monomolybdate ion ([MOO4]27).

Using the XRD and HRTEM methods, the effect of the composition of the impregnation solution on the formation
of phases of the metal component was shown. According to the HRTEM data, NiO particles are mainly observed in
the catalyst prepared by the method of sequential deposition of metals. According to the XRD data, in addition to the
NiO phase, the 5-NiMoO, phase is also observed. The use of aqueous and citrate impregnation solutions leads to the
formation of nickel oxide and 8-NiMoO, phases (XRD data). When using ammonia impregnation solutions, the formation
of NiO, a-NiMoO, and 3-NiMoO, phases is observed (XRD data). In addition, according to the HRTEM, the use of
ammonia impregnation solutions leads to a decrease in the size of metal-containing particles, as well as to a more uniform
distribution of nickel and molybdenum over the surface of the support.

During the hydroprocessing of a mixture of fatty acids (C14-Cig) in a flow-type reactor (300 °C, 2.5 MPa,
WHSV = 8.4 h™ 1), the greatest conversion and, consequently, the least amount of O-containing compounds were ob-
served on the Ni-Mo catalyst. The highest yield of the “diesel” fraction was observed using Ni-Mo, NiMo-amm-9 and
NiMo-amm-11 catalysts. The highest yield of isoalkanes was observed when using the NiMo-amm-11 catalyst. Thus,
from the point of view of fractional and component compositions, as well as the material balance, the NiMo-amm-11
catalyst is the most promising.
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ABSTRACT In this study, we modified Ni based electrodes with MXene and MXene-based composite catalysts
for water splitting. The MXene based catalyst exhibited excellent electrochemical surface area (ECSA) of
1840 cm?, highlighting its abundant active sites. To further enhance catalytic activity, MXene was modified
with graphene oxide (GO) and carbon black (CB), which significantly reduced the overpotential from 300 mV
to 196 mV at 10 mA cm~2 and improved the reaction kinetics, as evidenced by a low Tafel slope of 96.35 mV
dec™!. Moreover, the MXene—~GO-CB composite demonstrated outstanding long-term durability, maintaining
stable operation for 50 h at 100 mA cm~2 with only a 34 mV increase in overpotential at 10 mA cm~2. These
results confirm that the synergistic combination of MXene with GO and CB yields a highly active and durable
electrocatalyst, offering strong potential for practical water electrolysis applications.

KEYwoORDS MXene based composites, HER, OER, electrocatalysts.
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1. Introduction

The transition to sustainable energy sources requires the development of efficient and environmentally friendly tech-
nologies for hydrogen production. Water electrolysis, particularly when powered by renewable energy sources, is consid-
ered one of the most promising routes for hydrogen generation [1-4]. However, the widespread implementation of this
technology is hindered by the necessity of using expensive and scarce metals, such as platinum, ruthenium, iridium, etc.
as catalysts for the hydrogen evolution reaction (HER) [5-7]. As a result, intensive efforts are being made to find alter-
native materials that combine high catalytic activity, stability in harsh environments, and cost-effectiveness. Among such
materials, MXenes — two-dimensional transition metal carbides — have attracted significant attention due to their high
electrical conductivity, large surface area, and tunable surface chemistry through functional group modification. In partic-
ular, TigCs T, has demonstrated promising properties as a catalyst for HER [8—19]. Nevertheless, the overtime oxidation
of MXenes in aqueous environments limits their long-term stability and catalytic efficiency [20-22]. Various electrode
architectures based on combinations of MXenes with other materials have been reported. For instance, in the work by
Gao et al. [23] an electrode composed of MXene and carbon nanotubes exhibited high HER activity but limited stability in
alkaline media. In another study by Meng et al. [24] the use of MXene combined with metal-organic frameworks resulted
in good initial performance, but the material quickly degraded under prolonged operation. These findings highlight the
need for more stable composite structures.
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To improve the stability of MXene-based catalysts, different strategies have been explored, including the formation
of composites with other functional materials [25-27]. The incorporation of graphene oxide (GO) has shown to enhance
structural stability and oxidation resistance by forming a protective matrix that slows down the degradation of MXene. Its
hydrophilic surface and low work function make it an ideal component for tuning the electronic properties of active sites
in composite catalysts, thereby improving their catalytic efficiency. Furthermore, the addition of carbon black (CB) can
enhance the catalytic performance by improving electrical conductivity, while GO stabilizes the catalyst structure by pre-
venting nanoparticle aggregation and providing mechanical reinforcement. Its functional groups (-OH, -COOH, —-C=0)
facilitate strong interactions with materials such as MXene, improving dispersion and structural integrity [28-31]. GO
offers corrosion resistance in harsh electrochemical environments, increases hydrophilicity, and promotes ion transport,
all contributing to enhanced electrochemical performance [32-34]. In addition, the use of nickel foam as a substrate pro-
vides mechanical strength and a three-dimensional porous architecture, which supports efficient mass transport [35-38].
The synergistic combination of MXene, CB, and GO on a nickel foam (NF) substrate can significantly enhance water
electrolysis efficiency.

In this work, we developed an advanced MXene based electrocatalyst incorporating carbon black (CB) and graphene
oxide (GO) to address the limitations of conventional nickel foam (NF) electrodes. The synthesis involved selectively
etching the MAX phase to obtain MXene, followed by its deposition onto NF along with CB and GO to enhance con-
ductivity, catalytic activity, and stability. The resulting MXene electrode demonstrated overpotentials of 300 mV for
the hydrogen evolution reaction (HER) at 10 mA/cm?, with Tafel slopes of 113.57 mV/dec, indicating efficient charge
transfer kinetics. Integration of GO and CB into the MXene composite (MXene-GO-CB) achieving significantly lower
overpotentials of 196 mV for HER at the same current density and 96.35 mV/dec Tafel slope. Electrochemical impedance
spectroscopy (EIS) and electrochemically active surface area (ECSA) analysis confirmed the enhanced performance, with
the MXene/NF electrode exhibiting low charge transfer resistance and high surface area (ECSA) values of 1840 cm?,
ensuring efficient reaction kinetics.

2. Experimental section
2.1. Materials

All chemicals and materials used in this study were of analytical grade. Ti3AlC; MAX phase was purchased from
Laizhou Kai Kai Ceramic Materials Co. Ltd. (China) with a purity of >99 wt% and molecular weight (MW) of
194.6 g/mol. Hydrochloric acid (HCI, 37%) was obtained from Sinopharm Chemical Reagent Co., Ltd. (China) and
used as an etchant for the selective removal of the A-site element from the MAX phase. Lithium fluoride (LiF, 99%),
with an MW of 25.94 g/mol, was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. for the synthesis
of Ti3Cs T, MXene. For the fabrication of composite electrodes, carbon black (CB) were obtained from Sigma-Aldrich.
Nickel foam (NF) with a high porosity structure was used as a conductive substrate for the deposition of MXene-based ma-
terials. Deionized (DI) water was used in all synthesis and washing processes to ensure the removal of residual chemicals
and maintain the purity of the synthesized MXene.

2.2. Synthesis of MXene

To synthesize TisC,T, MXene, the selectively etching method is used. Initially, 30 mL of HCI was combined with
10 mL of deionized water, followed by the addition of 2 mg LiF to the HCI solution, which was stirred for 1 hour.
Subsequently, 2 g of TigAlC, powder was gradually added into this solution and allowed to stir at room temperature for
29 hours. The resulting suspension was then washed repeatedly with deionized water, centrifuged, and sonicated multiple
times to achieve exfoliation of TizC, T, into nanosheets, continuing until the pH of the supernatant reached 6—7. The final
supernatant was dispersed in water to yield a solution with a concentration of 1.5 mg mL~!. This MXene solution was
then freeze-dried to obtain a fluffy powder form.

2.3. Synthesis of GO

In a typical procedure, 1 g of graphite powder was added to a mixture of sulfuric acid and orthophosphoric acid (9:1,
90 mL:10 mL) under continuous stirring in an ice bath maintained at 0°C for 15 minutes. The mixture was stirred with a
magnetic stirrer to ensure uniform dispersion. Subsequently, 6 g of potassium permanganate (KMnO4) was gradually in-
troduced into the solution while maintaining the temperature between 0-5°C, followed by continuous stirring for 2 hours.
Afterward, the reaction was stirred at room temperature for 30 minutes and then heated to 35°C by immersing the flask in
warm water, with stirring continued for another 30 minutes. The oxidation process was further advanced by heating the
mixture in an oil bath at 90°C, where 46 mL of deionized (DI) water was slowly added, followed by stirring for 30 min-
utes. To terminate the reaction, an additional 180 mL of DI water and 10 mL of 30% hydrogen peroxide (H2O) were
added, leading to a color change from dark brown to yellow. The reaction was allowed to cool to room temperature before
purification. The obtained suspension was washed with 200 mL of 5% HCI and deionized water several times to remove
residual ions and acids. Finally, the GO product was filtered and dried at 60°C for 24 hours to obtain a fine powder.
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2.4. Synthesis of MXene/NF electrode

Immersing method is used to prepare MXene/NF electrode for experiments [39]. Initially, the nickel foam (NF) was
immersed in 3 M HCI solution for 2 hours to remove impurities and oxides. This was followed by ultrasonic cleaning
in acetone, ethanol, and deionized water for 15 minutes each, then drying at 60°C in an oven. The cleaned NF was
subsequently immersed in a TisC, T, MXene solution (4 mg mL ") for 1 hour, followed by vacuum drying for 12 hours,
yielding the MXene/NF electrode.

2.5. Synthesis of MXene-GO-CB/NF and other composite electrodes

A stock solution of synthesized MXene (1.6 mg mL~') was prepared, while graphene oxide (GO, 4 mg mL™') and
carbon black (CB, 4 mg mL™') were dispersed separately in 10 mL deionized water. To fabricate the MXene—-GO-
CB composite electrode, 25 mL of the MXene solution was mixed with 0.25 mL of GO and 0.25 mL of CB solutions,
followed by ultrasonication for 10 min to ensure homogeneous dispersion. Nickel foam (NF) substrates were immersed
in the resulting suspension for 1 h and then dried in an oven under continuous argon flow, where the temperature was
gradually increased to 170°C and maintained for 24 h. For comparison, MXene-CB and MXene-GO electrodes were
prepared using the same procedure but without the addition of GO and CB, respectively.

2.6. Electrochemical analysis

Electrochemical measurements were carried out on a CHI760E electrochemical workstation (China) in 1 M KOH
electrolyte under iR-corrected conditions. A three-electrode configuration was employed, in which the synthesized MX-
ene based electrodes served as the working electrodes (WE), a platinum foil was used as the counter electrode (CE), and
an Ag/AgCl electrode functioned as the reference electrode (RE). The measured potentials (E,,,) were converted to the
reversible hydrogen electrode (RHE) scale according to the equation: E vs RHE = Esgr + Eqg 4401+ 0.059 x pH and
pH = 14 for 1 M KOH. The mass loading of the active material on the NF substrate was 0.015 mg cm ™2 for the MXene—
GO-CB/NF electrode. Geometric area of the prepared electrodes are 1.6 cm?. In order to approximate the empirical data
of EIS, Randles electrical circuit was used.

3. Results and discussion

SEM image (Fig. 1) shows a well-formed MAX phase material, displaying the characteristic layered morphology of
alternating (M) and (A) element layers, typical of Ti3AlC,. The undulating texture with intact stratifications indicates
a stable structure, with no signs of delamination, which aligns with the material being a MAX phase rather than an
etched MXene. The small particles observed on the surface could be residual synthesis by-products or minor impurities.
At 10,000x magnification, the continuity and integrity of the layers suggest good sample quality, with well-preserved
lamellar features that support the robustness of MAX phase properties. Fig. 1b shows the morphology of exfoliated
TizCo T, MXene synthesized by selective etching of MAX with HCI and LiF. The images reveal well-defined, with large
surface area, and thin single-layer MXene sheets with a lateral size in the 10 pm range.
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FI1G. 1. (a) SEM image of the MAX phase, showing a layered structure. (b) Single-layer MXene sheets.
(d) EDX spectrum of MXene, confirming the presence of Ti, C, O, F

The clear exfoliation and separation of individual layers are characteristic of successful delamination, where the thick-
ness of each layer is approximately 1-2 nm, consistent with literature reports for monolayer TigC2T, [40]. The wrinkled
and crumpled nature of the flakes suggests flexibility and structural integrity at the nanoscale, which are common features
of MXene sheets [41]. These characteristics, coupled with the absence of aggregation, confirm the successful synthesis
of high-quality, monolayer MXene, a key factor in maximizing surface area and ensuring optimal electrochemical perfor-
mance in potential applications [42]. The EDS analysis in Fig. 1d and elemental mapping presented in Fig. 2 show that the
elements of the material are evenly distributed and the Ti3Co T, MXene was functionalized [43]. By using HCI and LiF,
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F1G. 2. EDS elemental mapping of Ti3CyT, MXene, showing the distribution of different elements

the aluminium layers were effectively removed from the MAX phase [44]. The high carbon content (80.32 at%) and its
predominant presence in the mapping, represented in green, confirm the retention of the carbon layers, essential for the 2D
structure and electrical conductivity of MXene [45]. Titanium (4.27 at%) is evenly distributed, as shown in yellow, sup-
porting the structural integrity of the Ti3Cy phase. The oxygen (12.75 at%) and fluorine (2.52 at%) content, marked in red
and light blue, respectively, indicate the formation of —O and —F surface terminations during the etching process. These
functional groups enhance hydrophilicity, provide active sites for electrochemical reactions, and improve charge transfer
properties, which are critical for applications such as hydrogen evolution reactions (HER) and energy storage [46]. The
surface chemistry, shaped by the presence of these terminations, makes TisCoT, MXene a highly promising candidate
for use in electrochemical systems, including supercapacitors and water electrolysers, due to its unique combination of
electrical conductivity, chemical stability, and surface reactivity.

X-ray photoelectron spectroscopy (XPS) was utilized to determine the surface chemical composition and bonding
states of the synthesized MXene. The survey scan (Fig. 3a) confirmes the presence of Titanium (Ti), Carbon (C), Oxygen
(O), Fluorine (F), and trace Chlorine (Cl). Analysis of the high-resolution C 1s spectrum (Fig. 3c) revealed a distinct peak
component around 282 eV, characteristic of Ti—C bonds within the MXene lattice, alongside peaks for adventitious carbon
and carbon-oxygen bonds. The Ti 2p spectrum (Fig. 3b) exhibited broad features consistent with multiple Ti chemical
states, including Ti—C, Ti—O, and Ti-F bonds typical for functionalized MXene. Strong signals in the F Is (centered
~685-686 eV, Fig. 3d) and O 1s (broad peak ~530-532 eV, Fig. 3e) spectra confirm the presence of significant —F, —-O,
and —OH surface terminations, which are expected outcomes of the LiF/HCI etching procedure. These results collectively
verify the successful synthesis and surface functionalization of the Ti-based MXene [47]. In Fig. 3f, X-ray diffraction
(XRD) pattern of the MAX phase (blue) shows a distinct (002) peak at 9.56° (26), corresponding to a d-spacing of 9.3 A,
calculated using Bragg’s law [48] with a Cu Ko wavelength of 1.54056A. This peak reflects the interlayer spacing between
Ti3Cs layers in the hexagonal crystal structure (P63/mmc) [49]. Additional peaks at 18.8° (004), 39.1° (104), 41.6° (105),
48.5° (107), and minor peaks at 60.6° (2-1-0) and 78.5°C (2-1-8) confirm the presence of characteristic planes, indicating
a well-crystallized MAX phase. The absence of extraneous peaks suggests high phase purity, with no significant impurities
detected. For the XRD analysis of the MXene (red), the (002) peak observed at 6.1° (26) corresponds to a d-spacing of
14.48A, which is significantly larger than the original MAX phase (002) peak. This increase in interlayer spacing is
expected after etching the Al layer [50], as it allows the layers to delaminate, creating a single-layer MXene. The larger
d-spacing reflects the successful exfoliation of the MXene layers. The minor peaks at 18.5° (004) and 19.5° (006) suggest
the multilayer nature of some residual MXene layers. The thickness of a single MXene layer is around 1-2 nm, which
is consistent with typical MXene morphology [51]. The aforementioned characterizations can prove that the successful
synthesis of single-layer MXene.

Electrochemical measurements were performed under iR-corrected conditions to evaluate the HER activity of the
synthesized electrodes (Fig. 4a). The polarization curves clearly demonstrate that the incorporation of GO and CB into
the MXene framework significantly enhances catalytic performance. The MXene—-GO—-CB composite exhibited the lowest
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F1G. 3. XPS and XRD characterization of TizCyT, MXene synthesized from TizAIC: MAX phase.
(a) The full XPS survey spectrum. (b) The high-resolution Ti 2p spectrum. (c) The C 1s spectrum. (d)
The F 1s peak. (e) The O 1s spectrum. (f) XRD patterns of the MAX phase (blue) and exfoliated MXene
(red)

overpotential of 196 mV at 10 mA cm ™2, outperforming pristine MXene (300 mV), MXene-GO (248 mV), and MXene—
CB (266 mV). This pronounced improvement highlights the synergistic effect of GO and CB in facilitating charge transfer,
improving conductivity, and providing additional active sites, thereby accelerating HER kinetics compared to single-
component or binary composites. The Tafel slope, which offers insight into the reaction mechanism, was determined by
plotting overpotential against the logarithm of current density following the equation [52]:

An
A (log 7)
where b is the Tafel slope, typically expressed in mV/dec Higher Tafel slope values often indicate a one-electron transfer
rate-limiting step, while lower values suggest faster kinetics or differing rate determining steps [53].

The catalytic kinetics of the prepared electrodes were further evaluated by Tafel slope analysis (Fig. 4b). Pristine MX-
ene exhibited a Tafel slope of 113.57 mV dec !, while the binary composites MXene—-GO and MXene—CB showed slopes
of 113.95 mV dec™! and 152.8 mV dec™?, respectively. In contrast, the MXene—GO—CB composite achieved the lowest
Tafel slope of 96.35 mV dec ™', confirming its faster HER kinetics. These results indicate that the synergistic combination
of GO and CB with MXene not only lowers the overpotential but also accelerates the reaction pathway, facilitating more
efficient electron transfer and hydrogen evolution compared to individual or binary systems. The observations can be
attributed to electron density distribution and interfacial interactions, where MXene’s metallic conductivity ensures rapid
charge mobility, while GO and CB enhance the exposure of active sites. MXene’s surface functional groups (-OH, -F, -O)
contribute to its catalytic behavior, influencing intermediate adsorption and reaction pathways. The presence of GO and
CB in MXene-GO-CB/NF enhances the catalytic activity by increasing active surface area and promoting mass transport,
making it a favorable electrode for reducing overpotential.

The long-term durability of the MXene—GO-CB/NF composite electrocatalyst was evaluated by chronopotentiom-
etry and LSV measurements (Fig. 5). Under a constant current density of 100 mA cm~2, the electrode exhibited rapid
stabilization within the first few minutes, followed by a steady operation over 50 h with only a slight potential increase of
~0.07 V, confirming its excellent structural and electrochemical robustness. Furthermore, the LSV curves recorded before
and after the stability test showed a minor performance decay, with the overpotential at 10 mA cm ™2 shifting from 196
to 230 mV. This negligible change (34 mV) highlights the strong durability of the MXene—GO-CB/NF electrode under
harsh and continuous HER operating conditions, underscoring its potential for practical water electrolysis applications.
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FI1G. 5. Stability evaluation of the MXene-GO-CB/NF composite electrocatalyst. (a) Chronopoten-
tiometry measurement at a constant current density of 100 mA cm™2 for 50 h. (b) LSV polarization
curves recorded before and after the 50 h stability test

Electrochemical impedance spectroscopy (EIS) measurements were conducted at fixed potentials of 1.6 V vs. RHE
for OER and —0.3 V vs. RHE for HER. The measurements frequency range is from 0.1 Hz to 100 kHz with a small AC
amplitude of 5 mV. The Nyquist plots for both OER and HER were present in Fig. 6, with the real part of the impedance
(Z') on the x-axis and the imaginary part (Z”) on the y-axis. The Nyquist plot analysis shows that the MXene/NF
electrode exhibits distinct charge transfer resistance (R.;) values for the OER and HER processes, with R.; measured
at 1.02 Q2 for OER and 0.6 2 for HER. The relatively low R.; for HER, in particular, indicates more efficient electron
transfer, suggesting higher conductivity and catalytic performance under alkaline conditions. These results underscore the
MXene/NF electrode’s effectiveness as a bifunctional catalyst, capable of facilitating both oxygen and hydrogen evolution
reactions with promising efficiency, making it a viable candidate for applications in sustainable hydrogen production and
alkaline water electrolysis.

The double-layer capacitance, Cg;, is a parameter that represents the capacitance of the electrical double layer formed
at the interface between the electrode surface and the electrolyte solution. When a potential is applied to the electrode,
ions from the electrolyte are attracted to the surface, creating a double layer of charges with a capacitance that depends
on the surface area of the electrode.

Fig. 7a presents cyclic voltammetry (CV) curves for the MXene/Nickel Foam (NF) electrode recorded at various scan
rates (1, 2, 3, 4, and 5 mV/s). These curves illustrate the capacitive behavior of the electrode in the non-faradaic region
which is from —140 mV to —35 mV, confirming the formation of an electrochemical double layer. The gradual increase in
current density with increasing scan rate indicates enhanced charge storage capabilities and surface area exposure. Chosen
anodic and cathodic currents were shown in Fig. 7b. To calculate Cg, the linear fitting of Aj/2 versus scan rate is plotted
in Fig. 7c, revealing a double layer capacitance per unit area value of 73.6 mF/cm?.



MXene based electrocatalysts for efficient water splitting

a)
40
Nyquist plot of OER
354
3.0
254
g
204
N
154
1.04
0.5+
0.0 T T T T T
0 1 2 3 4 5 6
Z(Q)
c)
= OER
64 Bode magnitude plot for |Z|
54
44
g
N34
24
14 .
0 T T T T T T
102 10" 10° 10’ 10? 10° 10° 10°
Frequency (Hz)
e)
40 = OER
Bode phase plot |
30 .
.
20 .
.
.
10+ r

Phase (°)
g

20 = ,

.
-304 S o

40

T T T T
0.01 0.1 1 10 100 1000 10000 100000

Frequency (Hz)

FI1G. 6. Electrochemical Impedance Spectroscopy (EIS) analysis of the electrode during the Oxygen
Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER). (a, b) Nyquist plots for OER and
HER, respectively, showing the real (Z') and imaginary (—Z"") components of impedance. (c, d) Bode
magnitude plots showing |Z| as a function of frequency for OER and HER, respectively. (e, f) Bode

2" (Q)

b)
0.6
Nyquis plot of HER
0.4
0.2
0.0
0.2
-0.4 4
-0.6 4
T T T
0.8 1.0 12 14 16
Z ()
d)
24
> = HER
22 2 Bode magnitude plot for |Z|
)
.
2.0 .
.
.l
1.8+ A
% 1.6
N
1.4+ ,
.
.
.
1.2 .
L] "
-l -
1.0 LH. ’,'
0.8 T T T T T T T
107 10t 100 10! 100 100 10t 10°
Frequency (Hz)
)
40
= HER
Bode phase plot
30
.
204 .
o= .
C .
3 10 .
& .
= B
o

-20

102

10"

T T T T T
10° 10' 10? 10° 104 10°
Frequency (Hz)

phase plots displaying the phase angle versus frequency for OER and HER, respectively

893

The specific capacitance, Cg, represents the intrinsic capacitance per unit area of a material in a given electrolyte,
and it can vary based on the electrode material and electrolyte conditions. The specific capacitance values (C,) for a flat
standard with 1 cm? of the real surface area that is generally in the range of 20 to 60 uF cm™2 (40 uF cm™2 was taken
as the average value) [54]. For our electrode with 1.6 cm? surface area, Cs is 64 uFem™2. These results indicate that
the MXene/NF composite provides substantially higher specific capacitance than nickel foam alone, likely due to large
electrochemical surface area and elevated capacitance of MXene.

ESCA was calculated by using C4; and C, [55] using the following equation:

Ca
ECSA = C.
The electrochemical surface area (ECSA) of the MXene/NF composite shows 1840 cm?. These values are notably higher
than those typically observed for conventional electrode materials like pristine nickel foam, which commonly exhibit
lower ECSAs due to their relatively limited surface areas and active sites. The enhanced ECSA values observed in the
MXene/NF composite are indicative of the substantial increase in active surface area provided by MXenes, which likely
contributes to its superior electrocatalytic performance in both OER and HER processes.
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4. Conclusion

In this study, we successfully synthesized Ti3C2T, MXene and its composite electrodes with graphene oxide (GO)
and carbon black (CB) on nickel foam (NF) substrates for efficient water splitting applications. Structural and compo-
sitional analyses, including SEM, XRD, and XPS, confirmed the successful etching of the MAX phase, formation of
single-layer TisCo T, MXene sheets, and the presence of functional surface terminations beneficial for catalytic activity.
The incorporation of GO and CB into the MXene framework significantly enhanced electrochemical performance by
improving conductivity, stability, and active surface area.

Electrochemical evaluations demonstrated that the MXene—-GO—CB composite electrode exhibited a remarkably low
overpotential of 196 mV at 10 mA cm~? for the hydrogen evolution reaction (HER), outperforming pristine MXene and
binary composites. The reduced Tafel slope (96.35 mV dec™ '), low charge-transfer resistance (R.;), and high electro-
chemical surface area (ECSA = 1840 cm?) confirmed improved reaction kinetics and abundant active sites. Moreover,
the electrode maintained good long-term stability, with only minimal performance degradation after 50 h of continuous
operation at 100 mA cm ™2, highlighting its robustness under harsh alkaline conditions.

Overall, the synergistic effects of MXene, GO, and CB on NF resulted in a highly efficient, durable, and cost-
effective electrocatalyst for hydrogen production. This work provides a promising strategy for the rational design of
advanced MXene-based composites for large-scale and sustainable water electrolysis applications. Future studies should
focus on optimizing composite architectures, scaling up synthesis techniques, and integrating these materials into practical
electrolyzer systems for renewable hydrogen generation.
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ABSTRACT Ammonium fluorometalates with the perovskite structure NH,MF3; (M = 3d metals) are used for
cathode materials and NH,MgF; is used for solid electrolytes. There is only fragmentary information in the
literature about the production of NH;MgF3; powder without available X-ray diffraction data. The conditions
enable the synthesis of single-phase NH,MgF3; powder are proposed by reaction of magnesium hydroxycar-
bonate with ammonium hydrofluoride melt at a temperature of 220 °C. It has been established that the process
is two-stage: the first reaction is the formation of the (NH4)>MgF, compound and the second reaction is the
decomposition of (NH4)2MgF, at a temperature of 220 °C to NH,MgF5;. Upon decomposition of NH,MgF3,
anhydrous MgF. nanoparticles (28 + 7 nm) are formed. The proposed method for obtaining single-phase
NH4MgF3; opens up opportunities for studying its functional properties.

KEYWORDS ammonium fluorometalate, cubic perovskite structure, magnesium fluoride, nanoscale powders,
NH,MgF3, ammonium hydrofluoride.
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1. Introduction

Ammonium fluorides (NH4F and NH4HF>) react with many substances to form ammonium fluorometalates [1].
Structure and properties of cubic perovskite ammonium fluorometalates NHy;MFs (M = Mg and 3d transition element)
have been intensively studied for several decades [2-8]. They crystallize in the cubic perovskite structure (sp. gr. Pm 3m,
Z = 1) at room temperature, and under cooling, they undergo a structural phase transition into phases with lower symmetry
such as tetragonal or orthorhombic crystal systems. NH;MF3; (M = Mn, Co, Ni) exhibit magnetic phase transitions at
temperatures near or below the structural phase transitions [9-11]. These compounds are model objects for studying
phase transitions in crystalline substances and determining the orientation of ammonium ions in the F- framework for
various phases [12—19]. The perovskite structure allows for a fairly wide range of variation in the set of ions forming the
lattice, thereby achieving the desired combination of material properties. In recent years, the NH4MgFs and NH FeF;
compounds have attracted attention as new solid electrolytes and cathode materials allowing for the direct introduction of
lithium ions into the cubic perovskite structure [20,21].

Unlike most of 3d transition elements, the complexing ability of magnesium is much lower and the formation of the
compound NH;MgF; can be explained by the proximity of the ionic radius of Mg®™ (0.72 A) and the ionic radii of Mn*"
(0.83 A), Fe?* (0.78 A), Co®™ (0.745 A), Ni**T (0.69 A), and Zn>** (0.74 A) [22,23]. NH,;MF; compounds were first
synthesized by the reaction of MBry with NH4F in methanol [24,25], and later obtained by pressing MF, with NH4F
upon heating [26]. Palacios et al. synthesized NH4;MF3 by reacting a homogeneous mixture of solid MF; salts with
NH4HF; at 152 °C for several hours [4,5]. Charpin et al. reported the synthesis of NH;MgF3 by heating a homogeneous
mixture of magnesium carbonate powders with an unspecified excess of ammonium fluoride at 220 °C, followed by
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washing off the excess NH4F with formamide [27]. Ikrami et al. established the stepwise nature of the interaction of
a mixture of ammonium fluoride or hydrofluoride powders with active magnesium oxide at a ratio of NH,F:MgO = 4:1
and NH4HF5>:MgO = 2:1 with the formation in both cases of intermediate compounds (NH4)2MgF, and NH4MgFs,
stable in the temperature range of 160-180 °C and 220-230 °C, respectively [28]. However, they did not obtain the pure
NH4MgF3 compound. The papers present various unit cell parameters of the compound NH,;MgF3 prepared by “dry”
methods (heating homogeneous mixtures of powders): a = 4.056 A [5] and a = 4.06 A [27]. Moreover, the diffraction
pattern of the NH4;MgF3 compound is not given in any papers. There is no information about the compound NH,MgF;
in the COD, JCPDS, CCDC, PDF-2 databases.

Ammonium hydrofluoride is more reactive than ammonium fluoride [1]. The reactions of interaction of ammonium
fluoride or hydrofluoride with MgF, proceed according to the equations:

MgF,,, + NH;HFy(,) — NH4MgFy,, + HF ), (1)

The difference between the reactions is that reaction 1 occurs with the release of gaseous HF. An important difference is
also that the interaction according to equation 1 occurs in the NH4HF5y melt, since its melting point is 126 °C [1]. As a
result, the term “solid-phase reaction” which is often applied in the literature to processes involving NH4HF5, cannot be
applied. In reality, heating processes inevitably occur in molten NH,HFs.

In addition to the described methods for synthesizing the NH4MgF3; compound, the literature contains no information
whatsoever on the interaction of ammonium hydrofluoride with magnesium hydroxycarbonate, which exists in the form
of a natural mineral, hydromagnesite, with the chemical formula Mg5(CO3)4(OH)2 x4H>O.

The study of the conditions for the synthesis of the NHyMgFs compound from magnesium hydroxycarbonate in
melt of NH4HF> with its subsequent conversion to magnesium fluoride is promising from the point of view of using the
compound NH4MgF3 as a self-fluorinating precursor for the production of anhydrous magnesium fluoride.

Magnesium fluoride exhibits high transparency over an extremely wide spectral range, from vacuum ultraviolet to
infrared [29-38]. Due to its high transparency and low refractive index, it has found wide application in various optical
devices (e.g.: windows, lenses, filters, polarizers, and antireflective coatings for laser devices) [39—44].

The aim of the work is to study the synthesis of the NH;MgF3; compound by reacting magnesium hydroxycarbonate
with a melt of ammonium hydrofluoride and subsequent thermal decomposition to prepare nanodispersed anhydrous
MgF2

2. Experimental section
2.1. Materials and methods

The initial reagents such as magnesium hydroxycarbonate Mg5(CO3)4(OH)2 x4H20 (PrimeChemicalsGroup, Rus-
sia), ammonium fluoride NH4F and ammonium hydrofluoride NH,HF; (Fluoride Salts Plant, Perm, Russia) were analyti-
cal reagent grade. The number of water molecules in magnesium hydroxycarbonate was determined by thermogravimetric
method using a MOM Q-1500 D derivatograph.

2.2. Synthesis

A homogeneous mixture of Mgs(CO3)4(OH)2 x4H,0 and NH,HFs powders was prepared by preliminary grinding
of NH4HF; powder in a fluoroplastic mortar with the gradual addition of Mg5(CO3)4(OH)2 x4H50 powder and grinding
the mixture of powder for 15 min. The prepared homogeneous mixture of powders was transferred into a platinum
crucible, covered with a lid and placed in an oven SNOL heated to 220 °C or 165 °C.

The conditions for sample synthesis are given in Table 1. Samples 2 and 3 were prepared in derivatograph upon
thermogravimetric analysis (DTA-TG) at a heating rate of 10 °C/min. Sample 7-600 was obtained from Sample 7 by
heating it at a rate of 10 °C/min to 600 °C without holding, followed by cooling.

2.3. Characterization

Diffraction patterns (XRD) were obtained on a Bruker D8 Advance powder X-ray diffractometer using CuK« radia-
tion in the angular range from 10 to 140°C 20, a signal acquisition time per point of 0.5-1 s, and sample rotation in the
axial plane at a speed of 20 deg/min. Calculations of the unit cell parameters and coherent scattering regions (CSRs) were
performed using TOPAS software.

Scanning electron microscopy (SEM) micrographs were obtained on a Tescan Amber scanning electron microscope
using an Everhart-Thornley (E-T) detector and a low-energy back-scattered electron (LE-BSE) detector at accelerating
voltages of 1-2 kV and a probe current of 300 pA. Particle sizes were determined using ImageJ software. Energy-
Dispersive X-ray spectroscopy (EDX) was performed using an Oxford Instruments Ultramax EDS detector with an active
area of 100 mm? at an accelerating voltage of 20 kV.

Thermogravimetric analysis was performed on a MOM Q-1500 D derivatograph in platinum crucibles in air. The
heating and cooling rate was 10°C/min. Infrared spectroscopy was performed on an InfraLUM FT-08 spectrophotometer
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TABLE 1. Sample synthesis conditions

Sample Mg:F ratio | Temperature, °C | Synthesis duration, h
1 1:3 220 5
2 (DTA-TG) 1:3 600 0
3 (DTA-TG) 1:4 600 0
4 1:4 220 5
5 1:4 165 5
6 1:6 220 5
7 1:6 220 10
7-600 1:6 600 0
8 1:6 220 12

in the 4000-400 cm ™' range. Transmission electron microscopy (TEM) was performed on a JEM-2100 microscope
(JEOL) with preliminary dispersion of the sample in water under ultrasound.

The magnesium content of the samples was determined by complexometric titration using disodium ethylenediamine-
N, N, N’, N'-tetraacetic acid (di-Na-EDTA) in the presence of eriochrome black T indicator at pH = 10. The sample was
first dissolved by boiling in a mixture of boric and hydrochloric acid solutions. The NH; content was determined by
distillation using the Kjeldahl method, followed by titration with a hydrochloric acid solution in the presence of a mixed
indicator (methyl red and methylene blue).

3. Results and discussion

The synthesis of NH;MgF3 compound was carried out at 220 °C, based on the results of thermogravimetric analysis,
as well as on known literature data on the temperature range of stability of this compound of 220-230 °C [28] and the
boiling point with simultaneous decomposition of NHyHF5 — 238 °C [45].

Magnesium hydroxycarbonate decomposes in several stages [46], Fig. 1a. The decomposition process begins at
206 °C, with a maximum endothermic effect at 273 °C and the removal of crystallization water with a loss of 18.6%.
Then, the removal of chemically bound water occurs with a maximum at 410 °C and a loss of 7.2%. The exothermic
effect at 487 °C corresponds to the formation of magnesium carbonate. Magnesium carbonate decomposes at 519 °C,
losing 31.4% of its mass. The total mass loss of the sample is 57.2%.

In the DTA curves of the mixture of magnesium hydroxycarbonate powders with ammonium hydrofluoride at a
ratio of Mg:F = 1:3 and 1:4, the first endothermic effect with a maximum of 124 °C is associated with the loss of
adsorption water and the melting process of NH,HF,, Fig. 1b and Fig. 1c, respectively. The second endothermic effect,
with a maximum at 213-219 °C, is caused by two processes: the onset of the removal of crystallization water from
magnesium hydroxycarbonate and the reaction of interaction of initial reagents, initiated by the released water. The
effect on the DTG, with a maximum at 265 °C, is apparently associated with the removal of crystallization water from
magnesium hydroxycarbonate. Furthermore, the DTA curves for the mixture of magnesium hydroxycarbonate powders
with ammonium hydrofluoride differ slightly for Mg:F ratios of 1:3 and 1:4.

The exothermic effect at 273 °C on the DTA curve with a ratio of Mg:F=1:3 is due to the crystallization of the
intermediate compound, Fig. 1b. This intermediate compound in a mixture with MgFs was obtained by synthesis at
220 °C (Sample 1) Table 1. It is indexed in the hexagonal crystal system, space group P6s/mmc, Table 2, Fig. 2c. The
endothermic effect at 282 °C on the DTA curve is associated with the decomposition of the formed intermediate compound
to magnesium fluoride. The exothermic effect at 297 °C is due to the crystallization of MgF5. On the TG curve, the mass
losses in the first (up to 126 °C), second (126 °C-226 °C), and third sections (226 °C-308 °C) are 7.3%, 45.3%, and
13.0%, respectively. The total mass loss was 65.6%, whilst the theoretical loss calculated for the production of MgFs is
65.4%.

After DTA-TG, a single-phase MgF, (Sample 2) was obtained, Fig. 2e, Table 2. Calculations of mass loss corre-
sponding to the second and third sections on the TG curve, according to equations 3, 4, 5, are presented in Table 3.
The phase composition of Sample 1 indicates the possible simultaneous occurrence of reactions at a ratio of Mg:F = 1:3
according to equations 4, 5:

Mg, (CO3)4(OH)y x 4H,0 + 5NH HF, — 5NH,Mg(OH)F, + 4CO, + 5H,0, @)
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FIG. 1. Thermal analysis: a — magnesium hydroxycarbonate, b — mixtures of magnesium hydroxycar-
bonate powders with ammonium hydrofluoride at the ratio Mg:F=1:3 (Sample 2), ¢ — same with Mg:F
ratio 1:4 (Sample 3)

Mg5 (C03)4(OH>2 x 4H50 + 5NH,HF; — 5MgF, + 4CO3 + 10H50. (@)

The presence on the diffractogram of Sample 1, in addition to the reflections of the hexagonal phase (sp. gr. P63/mmc)
and MgFs, of the reflections of the compound (NH4)2MgF, (card PDF-2 card #00-050-0280) also indicates the possible
occurrence of the reaction according to equation 6. Reflexes of the initial magnesium hydroxycarbonate are absent,
Fig. 2b, Table 2.

Mg5 (C03)4(OH)2 X 4H20 + 1ONH4HF2 — 5(NH4)2MgF4 + 4C02 + 1OH20 (6)

On the DTG curve of a mixture of magnesium hydroxycarbonate and ammonium hydrofluoride powders with a Mg:F
ratio of 1:4, a broad effect is observed at 203 °C with a shoulder at 220 °C, Fig. 1c. On the TG curve, the mass loss in
the first (up to 126 °C) and second (126-226 °C) segments are 17.1% and 33.1%, respectively. The theoretical mass loss
calculated using equation 6 (38.0%) does not correspond to that determined from the TG curve, which may indicate that
reactions 4 and 6 proceed in parallel. The effect at 289 °C on the DTG curve is associated with the decomposition of the
intermediate compounds formed into magnesium fluoride. The exothermic effect at 295 °C is due to the crystallization
of MgFs. The total mass loss was 66.3%, whilst the theoretical loss was 64.9%. After DTA-TG, a single-phase MgF»
(Sample 3) was obtained, Fig. 2f, Table 2.

The XRD analysis confirmed the assumption that reactions (4) and (6) proceed in parallel. At a Mg:F ratio of 1:4,
Sample 4 consists of cubic and hexagonal phases indicated on the diffractogram (Fig. 2d, Table 2) without reflections of
the initial magnesium hydroxycarbonate. The presence of the cubic phase NH;MgF3 and the hexagonal phase confirm the
assumption of simultaneous reactions according to equation (4) and (6). Further confirmation that the interaction proceeds
according to equation (6) and not equation (3) is provided by the presence of an effect at 220 °C on the DTG curve of a
mixture of magnesium hydroxycarbonate and ammonium hydrofluoride powders with a Mg:F ratio of 1:4, Fig. 1c. This
effect indicates the decomposition of the (NH4)2MgF, compound formed according to equation 6 into a cubic phase
NH MgFs3 [28]:

(NH4)2MgF, — NH4MgF, + HF + NH3. (7)

The chemical composition of the hexagonal phase of Samples 1 and 4 was not determined, since it was not isolated
in pure form and this was not the objective of the study.
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The assumption made about the interaction of magnesium hydroxycarbonate with NH,HF, according to equation
6 is further confirmed by the diffractogram of Sample 5, obtained at 165 °C with the ratio Mg:F = 1:4, Fig. 2g. The
diffractogram of Sample 5 shows reflections of the (NH4)2MgF, compound and additional reflections indexated in the
hexagonal symmetry (sp. gr. P6s/mmc), Table 2. The diffractogram of sample with the ratio Mg:F = 1:5 contains
reflections of the cubic phase and additional reflections of hexagonal phase (sp. gr. P63/mmc), see Supplementary Section
(Table S1 and Fig. S1).

The XRD analysis traced the phase composition evolution of the products of the interaction between magnesium
hydroxycarbonate and the NH4HF2 melt at 220 °C. In case of insufficient excess of ammonium hydrofluoride at the ratio:
1. Mg:F=1:3 results in formation of tetragonal MgFs (sp. gr. P4o/mnm) and hexagonal phase (sp. gr. P6s/mmc);

2. Mg:F=1:4 and 1:5 results in formation of cubic NH,;MgF3 (sp. gr. Pm 3m) and hexagonal phase (sp. gr. P63/mmc).

A stepwise nature of the interaction between magnesium hydroxycarbonate and NH,HF5 melt has been established
through the formation of the compound (NH4)2MgF, and its subsequent decomposition at a temperature of 220 °C to
NH4MgFs. Thus, the excess amount of NH4HF, required for the synthesis of NH,MgF3 compared to the stoichiometric
amount according to equation (3) is associated not only with the compensation for the evaporation of NH,4HF5 during
heating, but also with the formation of the compound (NH4)sMgF,.

Diffractogram of Sample 6 (Mg:F = 1:6) prepared by 5 h synthesis contains reflections of cubic NH4MgF3 and
orthorhombic NH4HF,, Fig. 3a, Table 2. The increase in synthesis duration up to 10 and 12 h leads to evaporation of
NH4HFs. There are only reflections of NHy;MgF3 on Samples 7 and 8 diffractograms, Fig. 3(c,d), Table 2.

The NH; and Mg?" content in chemical composition of NH;MgF3 compound (Sample 7) was determined by quan-
titative chemical analysis and EDX, Table 4 and 5.
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TABLE 2. XRD analysis results of synthesized samples

Sample | Crystal system | Space roup Compound Unit cell parameters, A Coherent scattered
a b c regions, nm
1 Tetragonal P4o/mnm MgF, 4.656(3) - 3.04(1) 4(1)
Hexagonal P63/mmc Composition 5.824(3) - 14.123(8) 15(1)
not determined
Tetragonal® 14/mmm (NHy)oMgF, Traces
2 Tetragonal P4o/mnm MgF, 4.624(1) - 3.051(1) 18(1)
3 Tetragonal P4s/mnm MgF, 4.625(1) - 3.051(1) 19(1)
4 Cubic Pm 3m NH4MgF3 4.072(1) - - 48(3)
Hexagonal P63/mmc Composition 5.846(1) - 14.175(4) 10(1)
not determined
Tetragonal® 14/mmm (NHy)oMgF, Traces
5 Tetragonal * I14/mmm (NHy)oMgF, | 4.064(1) - 13.860(1) >100
Hexagonal P63/mmc Composition 5.848(2) - 14.086(7) 6(1)
not determined
6 Cubic Pm 3m NH,MgF; 4.069(1) - - 64(3)
Orthorombic™** Pbmn NH4HF, 8.175(1) | 8.419(1) | 3.685(1) 44(1)
7 Cubic Pm3m NH,MgF; 4.0663(1) - - >100
7-600 Tetragonal P4o/mnm MgF, 4.623(1) - 3.052(1) 25(1)
8 Cubic Pm3m NH;MgF; 4.067(1) - - 92(4)

*(NH4)2MgF, PDF-2 card #00-050-0280
**NH4HFs PDF-2 card #00-012-0302

TABLE 3. Mass loss according to TG during reagent interaction (Mg:F ratio = 1:3) compared to theo-
retical losses

Curve segment, | Temperature Mass loss, %
Fig. 1b range, °C | Experimental Theoretical
3 4 5
II stage 126-226 453 45.1 | 349 | 654
IIT stage 226-308 13.0 20.6 | 194 | -

TABLE 4. Results of quantitative chemical analysis of Samples 7 and 7-600

NHI content, wt. % Mg2+ content, wt. %

Sample | Compound
Experimental | Theoretical | Experimental | Theoretical

7 NH,MgF3 18.1+0.5 18.1 24.0+0.7 245
7-600 MgF, - - 39.2+0.7 39.0
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FI1G. 3. XRD patterns: a— Sample 6, b— NH,HF, PDF-2 card #00-012-0302, ¢ — Sample 7, d — Sample
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TABLE 5. Results of EDX analysis of Samples 7 and 7-600

N, at. % F, at. % Mg, at. %
Sample | Compound
Experimental | Theoretical | Experimental | Theoretical | Experimental | Theoretical
7 NH,MgF3 20+1 20.0 60+1 59.9 20+1 20.2
7-600 MgF, - - 66+1 66.4 34+1 33.6

The formation of NH;MgF3 was also confirmed by FTIR-ATR (Fig. 4a). The IR spectrum of Sample 7 shows bands
at 1461.2 cm™! and 32209 cm™*, corresponding to deformation vibrations (v3) and valence vibrations (v4) of the NHI
ion [16,47,48].

The IR spectrum of Sample 7-600 does not include characteristic H,O vibrations at ~1640 cm™! and ~3400—
3600 cm™'. This observation confirms the absence of moisture traces in obtained MgF-, Fig. 4b [49].

The DTA-TG data for synthesized sample 7 clearly confirm the XRD analysis results, indicating that the Sample 7 is
a pure phase of NH4MgF3. The onset of the thermal decomposition according to DTA and TG is 280 °C with maximum
at 294 °C and the end at 344 °C, Fig. 5a. Estimated experimental mass loss is 37.32%, which corresponds to theoretical
losses 37.37% by following equation:

NH,MgF; — MgF, + HF + NH. (8)

DTA-TG results in single-phase MgF, (Sample 7-600), Fig. 3e, Table 2. Composition of MgFs was confirmed by
quantitative chemical and EDX analysis, Table 4 and 5.
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F1G. 8. The SEM/TEM microphotographs: a — magnesium hydroxycarbonate (SEM), b — Sample 7
(SEM), ¢ — Sample 7-600 (SEM) and d — Sample 7-600 (TEM)

During the thermal decomposition of NH;MgF3 compound two processes occur simultaneously. Decomposition ac-
cording to equation (8) the endothermic one and crystallization of the forming MgFs the exothermic one. Two exothermic
peaks were observed on DTA curve of Sample 7 (Fig. 5a) and one exothermic peak were observed on DTA curve of
Sample 8, Fig. 5b. Exothermic processes involving the crystallization of the magnesium fluoride phase are so intense that
no endothermic processes were detected against their background.

The crystal structure of NH,;MgF35 was refined on powder diffraction data in 15-140° 20 range using isostructural
compound NH4NiF3 data [10]. Results of indexation of Sample 7 are presented in Fig. 6 and Supplementary section. The
visualization of NH,;MgFs3 structure presented in Fig. 7.

The initial Mg5(CO3)4(OH)2 x4H50 consisted of flattened, long prismatic particles assembled into aggregates 400—
1000 nm long and 30-50 nm thick, whose habitus was determined by the monoclinic structure of hydromagnesite, Fig. 8a.
The initial habitus of hydromagnesite particles is not preserved during NH;MgF3 synthesis. The SEM image of Sam-
ple 7 shows nanoparticles with a 50-70 nm cube shape (Fig. 8b). The fusion of several primary nanoparticles of cubic
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morphology with one crystallographic direction into larger particles (120-300 nm) that form micron-sized aggregates was
recorded. The discrepancy between the sizes and the calculated values of the average crystal size (Table 2) may indicate
the implementation of a non-classical mechanism of crystal formation through the oriented fusion of nanoparticles [50].
The heating of NH4;MgF3 compound to 600 °C leads to significant changes. NH,;MgF3 crystallites are destroying with
the change of their chemical composition. The formation of rounded MgFs nanoparticle aggregates with a size of 71 £+
20 nm is observed, Fig. 8c. These aggregates are formed by nanoparticles with a size of 28 4 7 nm that have a random ori-
entation, Fig. 8d. The MgF, particle sizes determined from TEM micrographs agree reasonably well with the calculated
values of the calculated scattering regions, Table. 2.

4. Conclusions

This study showed that NH4HF; excess is required for the synthesis of the NH;MgF3. This is related not only to the
compensation for NH4HF; evaporation during heating, but also to the formation of a compound (NHy)oMgF,. A stepwise
nature of the reaction between magnesium hydroxycarbonate and molten ammonium fluoride through the formation of a
compound (NH4)oMgF, which decomposes to NH,;MgF3 at 220 °C has been established. The quantitative course of the
reaction of magnesium hydroxycarbonate with molten ammonium hydrofluoride Mg:F=1:6 at 220 °C and 10 h with the
formation of NHy;MgF;3 is shown. The fusion of several 50-70 nm primary nanoparticles with cubic morphology with
formation of bigger particles with 120-300 nm size is observed.

At aMg:Fratio lower than 1:6, the formation of multiphase products was observed, including (NH4)>MgF,, NH;MgF3
and MgFs compounds and an impurity phase whose reflections are indicated in the hexagonal crystal system sp. gr.
P63/mmc. During heat treatment NH,MgF3 is decomposing with formation of anhydrous nanocrystals MgF, with parti-
cle sizes 28 &= 7 nm.
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ABSTRACT Laser-induced periodic surface structures (LIPSS) on chalcogenide glassy semiconductors are
of great interest in relation with creating polarization-sensitive optical elements. This study investigates the
formation of LIPSS on the surface of As;ySeso amorphous film, fabricated by thermal vacuum deposition,
under femtosecond laser irradiation in the wavelength range from 400 to 800 nm. The periods of various LIPSS
types depend linearly on the laser wavelength. The measured birefringence of so-called low spatial frequency
LIPSS, formed by different irradiation wavelengths, are in the 10-85 nm range. The maximum birefringence of
85 nm was obtained for structures irradiated at a 480 nm wavelength. A significant decrease in birefringence
was observed at a wavelength of 800 nm, which may be due to the formation of a less pronounced and more
disordered surface relief caused by less effective absorption of modifying laser radiation with photon energy
lower than optical band gap of As5oSeso. Decreased optical absorption observed in AssoSes, films with LIPSS
is caused by increased light scattering on the surface relief.

KEYWORDS laser-induced periodic surface structures, AssoSesq amorphous films, laser-induced birefringence,
optical retardance.
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1. Introduction

Chalcogenide glassy semiconductors (ChGS) of As-Se system are attracting attention due to their unique proper-
ties such as transparency in infrared region of the spectrum, high stability and a number of photoinduced phenomena
(photodarkening, photobleaching, photocrystallization, etc.) [1-3]. Recently, high attention has been paid to the nonlin-
ear optical properties of ChGS. Measurements of nonlinear refractive index have shown that its value can range from
100 to 1000 times of that in silica glass. A high nonlinear refractive index combined with moderate to low nonlinear
absorption makes materials suitable for all-optical signal processing devices, enhancing the performance of telecommuni-
cation systems ChGS are very suitable for these kinds of applications, because they are compatible with well-established
silica-on-silicon and fiber drawing technologies. Photoinduced phenomena allow the local modification of the material
properties by the exposure to suitable radiation which can be utilized in writing waveguide channels, diffraction gratings
and so forth [4-6]. The formation of laser-induced surface periodic structures (LIPSS) [7-9] on such materials is of
particular interest in this case.

The formation of LIPSS is observed on a wide variety of materials — metals, semiconductors, and dielectrics, both
crystalline and amorphous [10] — typically upon irradiation with ultrashort high-power laser pulses. This periodic relief
demonstrates a clear relationship with the wavelength and polarization direction of the laser radiation used, and the process
of its formation is mainly explained by the excitation of surface electromagnetic waves and their subsequent interference
with the incident laser radiation [11, 12]. The main types of such relief include so-called low spatial frequency LIPSS
(LSFL), characterized by the ridges orthogonal to the polarization and a period approximately equal to the laser radiation
wavelength, and high spatial frequency LIPSS (HSFL) with ridges orientation along the polarization and a period several
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times shorter than the wavelength [7, 13]. It has previously been shown that LIPSS formed on As-Se ChGS films can
exhibit birefringence [14], which is explained by the form anisotropy of the relief. This allows for laser-structured ChGS
films to be considered as a basis for creating optical polarizing elements. The parameters of the LIPSS formed on films
are influenced by many factors. These include the film material and thickness, the substrate material, the laser pulses
fluence and number, as well as the wavelength. Most studies investigate the dependence of LIPSS generation on various
materials upon changing the fluence and number of laser pulses. At the same time, the laser wavelength used affects not
only the LIPSS period, but can also significantly affect the depth of the formed relief [15, 16] and, accordingly, the optical
anisotropy.

In the present study, our aim was forming LIPSS by exposing an AsspSeso amorphous thin film to femtosecond laser
pulses of varying wavelengths (400-800 nm) in order to analyze birefringence and optical transmittance of the resulting
structured surfaces. We note that during the experiments, the energy and number of laser pulses were also adjusted for
different wavelengths to achieve sustainable and uniform LIPSS formation in each case.

2. Materials and methods

The AssoSesq bulk glass used in our experiments was obtained under the following conditions: the respective amounts
of arsenic and selenium with 5N purity were placed in quartz ampoule evacuated down to ~10~2 Pa and heated in a rotary
furnace. The temperature was maintained constant at the glass melting point while the melt was continuously stirred to
ensure better homogenization. After preservation at 900 K for several hours, the melt was cooled by air quenching. The
glassy state of the obtained samples was controlled by the characteristic conchoidal fracture in glass. Then the film was
produced from the respective bulk glassy sample by thermal evaporation process using a UVN-2M unit, at a temperature
of 700-800 K and a residual pressure of less than 5 10~* Pa. A molybdenum boat was used as a resistive evaporator; the
distance between the substrate and the evaporator was 15.5 cm, the sample weight was 0.005 g and sublimation duration
was 20 sec. The process of material deposition was controlled by visual observation. In order to avoid thickness non-
uniformities, the substrate was rotated during the evaporation process. Following the completion of the deposition process,
the substrate was left in a vacuum chamber until its complete cooling to room temperature. The fabricated AssoSeso film
thickness, determined by atomic-force microscopy (AFM) was 840+10 nm.

As a source of femtosecond laser radiation for the film surface structuring, a TETA-20 laser system (Avesta-Project
Ltd, Russia; maximum power 10 W, A = 1030 nm, 7 = 250 fs, maximum repetition rate v = 10 kHz) equipped with
a PARUS optical parametric amplifier (Avesta-Project Ltd, Russia) was used, allowing to obtain laser radiation with
wavelengths in the range of 400-800 nm. Using this laser system, the film surface was modified with the wavelengths
A =400, 480, 550, 635 and 800 nm at a pulse duration of ~150 fs. Laser radiation was focused at normal incidence
onto the film using a microscope objective with a numerical aperture of NA = 0.03 into a spot with a diameter of 60 ym.
A series of 300-um-long scan lines were formed on the surface using each wavelength. The sample movement relative
to the laser beam was implemented by three-axis motorized platform at a speed of 300 pm/s. The employed laser pulse
repetition rates were v = 1, 2, or 10 kHz and pulse energy E varied from 0.1 to 4.5 pJ. The laser pulse energy was measured
using a 3A-P thermal power meter (Ophir, Israel), and the variation of the laser pulse energy was ensured by a continuous
neutral density filter.

Visualization of the laser-irradiated sample surface for measuring the formed LIPSS periods was carried out using a
scanning electron microscope (SEM, Vega 3, Tescan, Czech Republic), the measurement error for the periods was ~5%.
After that, to measure optical properties, square 400x400 um? areas were written on the AssoSeso film surface, in the
irradiation modes corresponding to the formation of LIPSS for each of the selected wavelengths. The optical transmission
spectra of the areas with LIPSS were measured at room temperature using an MSFU-K microscope-spectrophotometer
(LOMO, Russia); the measurements were carried out with an NA = 0.1 objective. Birefringence within the LIPSS-
containing laser-irradiated areas was measured using a Thorlabs LCC7201B polarizing microscope (Thorlabs, USA) at
633 nm wavelength.

3. Results and discussion

Fig. 1 shows SEM images of HSFLs and LSFLs formed under laser irradiation with wavelengths of 400 and 480 nm.
For both wavelengths, the formation of HSFLs and LSFLs is observed. The periods of the formed HSFLs were 120
and 180 nm, while those of the LSFLs were 370 and 455 nm, for the laser pulses wavelengths A = 400 and 480 nm,
respectively. Both types of structures were formed in the frequency range of 1-10 kHz, and for each frequency HSFL
formation was observed at lower energies compared to LSFL.

With an increase in A to 550 nm, HSFL with a period of 210 nm and LSFL with a period of 510 nm are formed
(Fig. 2a,b). At this wavelength, LIPSS started to form at » =2 kHz and higher. At v = 1 kHz, LIPSS were not observed up
to energy of 0.88 wJ, when the film damage began (Fig. 2c). With irradiation at frequency of 2 kHz, HSFL formation was
observed at the energy less than 0.38 1J, and LSFL were observed in the energy range of 0.38-0.66 1J. When irradiating
with highest repetition rate of laser pulses (10 kHz), a hierarchical structure formation was observed, as can be seen in
Fig. 2d, with simultaneous LSFL formation within the “grooves”-type LIPSS [10]. The period of the latter was about
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F1G. 1. SEM images of the LIPSS obtained at irradiation with femtosecond laser pulses at A = 400 nm
and (a) ¥ = 10 kHz, E = 0.14 uJ; (b) A = 2 kHz, E = 0.6 pJ. LIPSS obtained at A 480 nm and (c)
v=10kHz, E=0.22 uJ; (d) v =2 kHz E=0.51 pJ. Arrows indicate the laser polarization in each image

1.8 pm, which is higher than the laser wavelength, and the orientation was along the polarization vector of the laser
radiation. No LSFL formation was detected at 10 kHz without the “grooves” for this wavelength.

At A = 635 nm, the period of the surface relief was 230 nm for the HSFL, and 595 nm for the LSFL (Fig. 3a,b); both
LIPSS types were formed in the range of v from 2 to 10 kHz. Similar to the case with A = 550 nm, at v = 1 kHz, the
LIPSS were not formed up to the laser pulse energy of 2.6 pJ, at which the film damage occurred. In this case, the film
melted, forming ring-shaped structures containing fragmented LIPSS near the center of the scan line (Fig. 3d). And a
complete film ablation was observed at the threshold laser pulse energy of 2.9 pJ. At a frequency of 2 kHz, LSFL began to
form at the energy of 1.8 uJ (Fig. 3c), but their formation ceased with increasing energy. We also note that at v = 10 kHz,
similarly to A = 550 nm, the formation of grooves was observed, with the period of ~2.5 um.

For A = 800 nm, the formation of HSFLs began when using laser pulse energies of 3.1 and 1.8 pJ, at the repetition
rates of 1 and 2 kHz, respectively. The period of the formed structures was 300 nm. However, with increasing energy,
no LSFLs formation was observed at these repetition rates. Instead, periodic structures similar in appearance to HSFLs
were formed in the central region of the scan line, parallel to the polarization of the laser pulses, but with a period of
~720 nm, close to the LSFL period (Fig. 4a). When exceeding the laser pulse energies of 4.6 and 2.5 pJ for 1 and 2 kHz
repetition rates respectively, the damage of the film was observed. Using v = 10 kHz repetition rate, LSFLs were formed
at the energy of 1.1 J. However, under these conditions, the film damage was observed in a few spots along the irradiated
surface, which may be associated with a presence of initial defects in the film there. Contrary, at lower energies, the
LIPSS were formed only near these defects. At laser pulse energies above 1.25 pJ and v = 10 kHz, the film was damaged
throughout the entire scanning area.

The dependence of the HSFL and LSFL periods on the laser wavelength is given in Fig. 5. The periods of the both
LIPSS types increase linearly with the wavelength. In all cases, the LSFL period observed is slightly shorter than the laser
wavelength, while the HSFL period is approximately 2.7 times shorter. The ratio of the LSFL to HSFL periods is about
255.

After determining the laser irradiation modes for the LIPSS formation for different wavelengths, 400x400 zm?
square areas were written to measure the birefringence of these structures. Since, HSFLs have weak birefringence proper-
ties due to low modulation of the relief [7], the modes in which LSFL formation occurs were used for each wavelength to
obtain a higher birefringence value. Images of irradiated areas obtained by an optical polarizing microscope are shown in
Fig. 6. The highest birefringence is observed for A =480 nm: corresponding retardance value, calculated as the difference
in optical path length for ordinary and extraordinary waves, reaches 85 nm. For the LSFLs formed under irradiation with
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F1G. 2. SEM images of the surfaces irradiated with femtosecond laser pulses at A = 550 nm and (a)
v =2kHz, E=0.26 pJ; (b) v =2 kHz, E = 0.43 uJ; (c) v = 1 kHz, E = 0.88 uJ; (d) v = 10 kHz,
E =0.49 pJ. Arrows indicate the laser polarization in each image

a) b)

F1G. 3. SEM images of the surfaces irradiated with femtosecond laser pulses at A = 635 nm and (a)
v=2kHz, E=143 pJ; (b)v=10kHz, E=0.63 uJ; (c) v=2kHz, E=1.8 pJ; (d) v =1 kHz, E=2.6 pJ.
Arrows indicate the laser polarization in each image
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F1G. 4. SEM images of the LIPSS formed at A = 800 nm and (a) v = 1 kHz, E =4.0 uJ; (b) v = 10 kHz,
E = 1.1 pJ. Arrows indicate the laser polarization in each image
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FIG. 5. The dependence of HSFL and LSFL periods on the laser radiation wavelength
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F1G. 6. Optical polarizing microscope images of LIPSS, formed at different wavelengths (a) and the
dependence of the retardance on the laser writing wavelength (b)
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F1G. 7. Optical transmission spectra for the AssySesq films with LIPSS in polarized light. The polar-
ization of the transmitted light is (a) parallel or (b) orthogonal to the LIPSS ridges. The arrows indicate
the polarization of the analyzed radiation relative to the LIPPS

A =400, 550 and 635 nm, the retardance values lie in the range of 50—75 nm. The minimum retardance value is observed
for the LSFL formed at A = 800 nm and does not exceed 20 nm. Thus, since the retardance value is related to the depth of
the formed LIPSS [7, 14], the most prominent surface relief is formed at A = 480 nm. Note that the photon energy for the
laser radiation at A = 635 nm has a value of ~1.9 eV, exceeding the optical band gap of AssySeso, which is approximately
1.8 eV according to works [17, 18]. This ensures more efficient absorption of modifying laser light at this wavelength
and the shorter ones as well, likely causing the formation of a more contrasting surface relief at laser irradiation with
A < 635 nm.

The presence of LIPSS also leads to a decrease in the optical transmission of the AssgSeso film. This is presumably
due to the increased scattering by surface relief inhomogeneities formed as a result of laser irradiation. Fig. 7 presents the
transmission spectra of LIPSS-containing regions on the AssgSesq film in polarized light. The spectra correspond to po-
larization of the transmitted radiation parallel (Fig. 7a) and orthogonal (Fig. 7b) to the ridges of the LIPSS. The structures
formed with A = 800 nm irradiation exhibit the greatest drop in transmission, which, combined with the lowest birefrin-
gence value, makes them of little interest for practical application. The smallest drop in transmission is observed for
structures written at 400 nm, which may be due to their higher uniformity, compared to all other structures, as evidenced
by the smallest variation in the retardance value within the irradiated area, observed in Fig. 6.

4. Conclusion

Examining formation of LIPSS on an AssgSesq films under femtosecond laser irradiation in this study allowed deter-
mining fabrication regimes for HSFLs and LSFLs at each wavelength used in the experiment from the 400-800 nm range.
The LSFL structures formed at higher laser pulse energy compared to the HSFL. With increasing wavelength, a higher
laser pulse repetition rate is also required to form LSFLs. Furthermore, specific formation regimes are discovered, for the
LIPSS in a form of “grooves”, as well as anomalous LSFL structures parallel to the laser polarization but with a period
close to the laser wavelength. The dependence of LSFL birefringence on the wavelength of laser radiation used for the
surface modification is determined in terms of optical retardance. The highest retardance up to 85 nm was observed for
the region irradiated with laser pulses at a wavelength of 480 nm. For the LIPSS formed with A <635 nm the retardance
is at least 50 nm, while at longer wavelengths of the modifying laser radiation it drops to 12 nm. The formed LIPSSs
reduce the transmittance of the ChGS film, which is most pronounced for structures written with irradiation at 800 nm.
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ABSTRACT Since their discovery, carbon dots have been of great scientific interest due to their unique proper-
ties, including strong fluorescence and biocompatibility, which determine their potential application in biosen-
sorics, bioimaging, drug delivery, and many other fields. This paper presents a new approach for the synthesis
of high quantum yield carbon dots with media-independent fluorescence developed in the process of searching
for solutions to the problem of carbon dot’s application in immunochromatographic analysis.

KEYWORDS carbon dots, nanoparticles, immunoassay

ACKNOWLEDGEMENTS The research was conducted within the state assignment of the Ministry of Science
and Higher Education of the Russian Federation (No. 1024011000011-7-1.4.2; 3.5.2 Conjugates of boron-
containing quantum dots with biovectors for the diagnosis and boron neutron capture therapy of superficial
malignant tumors (FEEM-2024-0011)).

FOR CITATION Nasirov P.D., Novikova S.A., Gribova E.D., Gladyshev P.P, Mukhina I.V. Carbon dots with
media-independent fluorescence. Nanosystems: Phys. Chem. Math., 2025, 16 (6), 915-918.

1. Introduction

In immunochemical methods of analysis as labels stand for forming an analytical signal depending on the analyte
concentration colloidal gold nanoparticles are typically used [1-4]. Such systems are expensive, have high detection
limits and low efficiency. Quantum dots are much more advanced labels allowing one to achieve a high level of sensitivity
in immunochemical analysis. However, they are still very expensive and have several disadvantages, such as high cost,
biotoxicity, and the need for surface modification preceding their conjugation with biomolecules [4-6]. Carbon dots
(CDs) can serve as an alternative to quantum dots. CDs have found wide application in sensorics, microelectronics and
other fields. CD-based systems sensitivity can be comparable with systems based on the quantum dots, while the CDs
themselves are biocompatible, easy to synthesize and cheap to produce [7-9]. The implementation of CDs as analytical
labels in immunoassay is complicated by three main disadvantages in comparison with quantum dots: solvatochromism,
excitation-dependent emission shift and aggregation-dependent emission shift [9]. Such phenomena can be useful in the
development of sensors based on carbon dots [10—12]. However, they lead to unpredictable behavior of optical properties
of nanoparticles when conjugated with biomolecules, which significantly complicates the testing process. In this study, a
new approach for the synthesis of CDs designed to fix some of the common problems is presented.

2. Materials and methods

Reagents were used for the work: Citric Acid anhydrous (Reag. USP) for analysis, ACS, 99.5 % PanReac-AppliChem;
Tris(hydroxymethyl)aminomethane; 99.7 % Sigma Aldrich; N,N-Dimethylformamide, 99.8 % for synthesis, PanReac-
AppliChem; Dimethylsulfoxide, 99.5 % PanReac-AppliChem; Ethanol, 99.9 % LiChrosolv, Supelco; Bidistilled water.

Consumables were used to clean the obtained materials: Omicron Syringe Filter 0.22 pm and 0.45 pm, PES 33 mm,
non-sterile; Dialysis Tubing MWCO 0.5 kDa.

Obtaining and study of the physical and chemical properties of the derived samples was carried out with the use of
the following equipment: Microwave oven Sineo MDS-10; Spectrofluorometer Solar CM 2203; Spectrophotometer SPEX
SCP 715; Fourier transform infrared spectrometer Shimadzu IR Affinity-1S + MIRacle 10.

The calculations of quantum yield of luminescence samples are based on formula (1): [13]

Iy g - (1 - TSt(}\ezst)) : ni
Ist ' (1 - T:I:(/\”x)) : ngt
where (. is the fluorescence quantum yield of the analyzed sample, ¢, is the fluorescence quantum yield of a standard

fluorescent dye, I, is the integral fluorescence intensity of the analyzed sample, I, is the integral fluorescence intensity
of a standard fluorescent dye, T, is the transmission coefficient of the analyzed sample at the excitation wavelength, T%; is

Pz = ; 0]
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the transmittance coefficient of a standard fluorescent dye at the excitation wavelength. A 0.5 M quinine sulfate solution
in sulfuric acid was employed as a standard, exhibiting a fluorescence maximum at 440 nm and a quantum yield of 54.5 %
when excited at 345 nm. The optical properties of the carbon dot sample were studied in a dilute aqueous solution. The
fluorescence spectrum ordinates for both the standard and the sample were converted from cps to energy units (W/m?-nm)
to calculate the integral fluorescence intensities.

The synthesis of CDs was performed in a microwave digestion system Sineo MDS-10 with teflon-lined vessels.
Suspensions of 3.6 mmol of citric acid and 14.4 mmol of tris-(hydroxymethyl)-aminomethane were dissolved in 5 ml of
bidistilled water, then it was placed in a microwave oven for 30 min at a radiation frequency of 2.45 GHz, power 700 W,
maximum heating temperature 200 °C. The resulting yellow solution was purified by dialysis (0.5 kDa).

3. Results and discussion

Citric acid (CA) is the most common reagent for the fabrication of CDs by the microwave-assisted methods [14];
however, much better results are demonstrated by CDs obtained by a combination of CA and an amino-containing com-
pound such as urea [15]. In this study tris-(hydroxymethyl)-aminomethane (Tris) was proposed as an additional reagent
for the production of citric acid-based CDs similar to publications [16-18]. Tris is a polar compound that has a rela-
tively high dielectric loss tangent and is able to react with citric acid by formation of amide and ester bonds [19]. These
properties of Tris are commonly used for surface passivation of carbon dots leading to an increase in their quantum yield.

The optical properties of obtained CD’s sample were studied by UV/Vis-spectroscopy and fluorimetry. The results
are shown in Fig. 1.
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FI1G. 1. Absorption and luminescence spectra of CDs derived from citric acid and Tris

The absorption spectrum of CDs derived from citric acid and Tris exhibits two absorption bands with maximums
near 225 and 330 nm (Fig. 1). The absorption peak near 225 nm is supposedly due to electronic transitions of organic
functional groups in the amorphous part of CDs while the broad band near 330 nm corresponds to absorption of sp*-
hybridised carbon fragments of different nature. The fluorescence peak of these CDs at 405 nm can be characterized as
rather wide with negligible asymmetry in the long wave region. For the CDs synthesized in this work, the calculated
quantum yield of fluorescence was 70 %, which is a great value for this class of fluorescent materials.

The relatively high content of Tris relative to CA distinguishes this study from the others. The excess of the passiva-
tion agent leads to bonding with all carboxyl groups conjugated to the graphitic core.

Interruption of conjugation allows to get rid of some media-dependent properties of CDs such as solvatochromism
(Fig. 2a, Fig. 2c) and excitation-dependent emission shift (Fig. 2b) [20].

For the CDs dissolved in different solvents, such as water, ethanol, DMF, and DMSO, the fluorescence maximum
remains in the range of 400 — 407 nm. Also, the decrease in the quantum yield in alkaline media does not exceed the
measurement error. The negligible decrease in the quantum yield in acid media can appear due to the protonation of
nitrogen atoms of amide bonds that are still conjugated to the core [12,21-23].

The surface chemistry of obtained CD’s sample was studied by IR-spectroscopy. The IR spectrum (TIR mode) of the
CDs obtained in this work is shown in Fig. 2.

The IR spectrum (TIR mode) of the CDs obtained in this work contains characteristic absorption bands at 1039 cm™
(O—H def.), 1652 cm ™! (C=0 val. of amide) and wide characteristic band at 3280 cm ™' (O-H val.) proving the presence

1
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FIG. 2. a)—Fluorescence spectra of CDs derived from CA and Tris in different solvents; b) — Excitation
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of ester and amide bonds into the CD’s surface (Fig. 3.). CDs derived from CA usually possess high quantity of terminal

carboxylic groups [20,24]. The complete absence of characteristic bands of free carboxyl groups indicates that the surface
passivation was carried out completely.

4. Conclusion

CDs derived from citric acid and Tris are characterized by a rather wide fluorescence peak but with a high quantum
yield of 70 %. Fluorescence independent of pH and excitation wavelength highlights them among CDs obtained by other
methods. This result was achieved due to the interrupted conjugation of surface carboxyl groups with the core of CDs via
Tris excess. All these features make citric acid and Tris-based CDs perspective for use as inexpensive, easy-to-produce,
and highly fluorescent analytical labels for immunochemical assay.
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ABSTRACT In this work, we present a facile synthesis of FeCoNiPt alloy nanoparticles (NPs) with tunable plat-
inum content (10—-30 at.%). The NPs were produced by medium-assisted solid-state reaction using acetylacet-
onate metal precursors. The structural characterization (TEM, HRTEM, STEM-EDS, and XRD) reveals that the
obtained FeCoNiPt NPs exhibit a uniform morphology with an average diameter of 3—7 nm and crystallize in a
single-phase face-centered cubic solid solution. Increasing the Pt content leads to lattice expansion and a sys-
tematic increase in crystallite size, consistent with the larger atomic radius of Pt. STEM-EDS elemental maps
confirm homogeneous incorporation of Fe, Co, Ni, and Pt across individual nanoparticles, demonstrating the
successful formation of a multicomponent alloy. This study demonstrates that tuning Pt content in FeCoNiPt
multicomponent alloys enables precise modulation of d-band electronic structure. The proposed synthesis
approach is simple, cost-effective, and scalable, offering a promising pathway for designing Pt-optimized elec-
trocatalysts.

KEYWORDS nanoparticles, multicomponent alloys, HRTEM, electrodes, electrocatalysis.

ACKNOWLEDGEMENTS The work was carried out within the state assignment of the Ministry of Science and
Higher Education of the Russian Federation (theme No. 125020401357-4).
FOR CITATION Alexeeva O.V., Karyagina O.K., Kozlov S.S., Kuznetsov L., Larina L.L., Nikolskaya A.B., She-

valeevskiy O.I. Facile synthesis and characterization of FeCoNiPt alloy nanoparticle electrocatalysts with dif-
ferent Pt content. Nanosystems: Phys. Chem. Math., 2025, 16 (6), 919-924.

1. Introduction

The noble metals, including Pt, remain indispensable components of efficient advanced electrocatalysts for hydrogen
energy technologies, particularly for the hydrogen and the oxygen evolution reactions [1-7]. However, the high cost and
limited availability of Pt significantly restrict its widespread use in large-scale water electrolysis [8—10]. One of the most
effective strategies to reduce Pt consumption while maintaining high catalytic efficiency is alloying Pt with Earth-abundant
3d transition metals such as Fe, Co, and Ni. Such alloying lowers the overall precious-metal loading and modifies the
electronic structure of Pt, that results in improved catalytic activity through synergistic multimetal interactions [11-14].

Recent studies highlight the exceptional catalytic performance of multicomponent Pt-containing high entropy alloys,
including FeCoNiRhPt and FeCoNiTaPt, which exhibit high activity and stability at industrially relevant current densities
during water splitting. In line with this, it was shown, that FeCoNiPt alloy exhibits high potential due to its low-cost
production possibilities. FeCoNiPt alloy nanoparticles (NPs) can be synthesized using low-temperature chemical routes.
It have demonstrated remarkably low HER overpotentials (as low as 11 mV) and mass activities exceeding those of
commercial Pt/C by 10-13 times. Thus, one can see high potential of Pt-based multicomponent alloys to be used as
efficient and economically feasible electrocatalysts.

A key factor governing the activity of Pt-containing alloys is the electronic structure of the d-band. Alloying induces
modifications in several critical parameters, including: the adsorption free energy of hydrogen intermediates, the metal—
O-H bond strength governing OER pathways the occupancy and hybridization of d-orbitals, and the position and shape
of the d-band centers. Optimizing these d-band characteristics is essential for achieving balanced adsorption energies of
HER/OER intermediates, ultimately enhancing catalyst performance.

In this context, FeCoNiPt multicomponent alloy NPs present attractive systems for tuning Pt-centered electronic
interactions. The Pt content adjusting makes it possible to regulate the d-band width, orbital overlap, and coordination
effects within the alloy lattice. DFT studies predict that a Pt content of approximately 20 % offers an optimal electronic
environment, maximizing synergistic interactions while minimizing the amount of Pt used. In this work, FeCoNiPt alloy
nanoparticles with controlled Pt contents (10-30 at.%) were synthesized via a simple medium-assisted solid-state reaction
[15,16]. Their morphology, crystal structure, elemental distribution, and electrochemical properties were comprehensively
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examined. We have shown that the alloy NPs containing ~20% Pt achieve the most favorable combination of structural
uniformity, electronic optimization, and catalytic activity, consistent with the d-band engineering principle. These results
provide important insights into the design of multicomponent Pt-based alloys for next-generation electrocatalysts.

2. Experimental
2.1. Synthesis of FeCoNiPt alloy nanoparticles

FeCoNiPt alloy nanoparticles were synthesized using a medium-assisted solid-state reaction, a method previously
demonstrated to yield ultrasmall multicomponent alloy nanoparticles with high compositional homogeneity [15]. To syn-
thesize FeCoNiPt alloy NPs, metal acetylacetonate complexes were employed as precursors: iron(Ill) acetylacetonate
(Fe(acac)s), cobalt(IIl) acetylacetonate (Co(acac)s), nickel(Il) acetylacetonate (Ni(acac),) and platinum(II) acetylaceto-
nate (Pt(acac)2) precursors were used.

To obtain FeCoNiPt nanoparticles with different Pt contents, the total amount of metal precursors was fixed at 1 mmol.
Fe, Co, and Ni precursors were introduced in equimolar quantities, while the amount of Pt precursor was varied (0.1, 0.2,
and 0.3 mmol), corresponding to targeted Pt contents of approximately 10, 20, and 30 at.%. The precursor mixture was
homogenized in an insulating organic medium and subjected to thermal treatment under conditions described previously.
After the reaction, the resulting powder was repeatedly washed with organic solvents and purified by centrifugation. The
actual elemental compositions of the synthesized nanoparticles were then determined by EDX analysis.

2.2. Materials characterization

The morphology and size distribution of the synthesized NPs were characterized using JEOL 2100F FEG TEM/STEM
operated at 200 kV, and JEOL TEM/STEM ARM 200CF equipped with HAADF and annular bright field detectors. High-
angle annular dark-field scanning TEM (HAADF-STEM) coupled with energy dispersive X-ray spectroscopy (EDX)
was employed for elemental mapping. Selected Area Electron Diffraction patterns were obtained to identify the crystal
structure of the NPs. To confirm the structure the d-spacing values were calculated and compared with standard FCC
lattice parameters.

3. Results and discussion
3.1. TEM and HRTEM analysis

Transmission electron microscopy confirmed that the FeCoNiPt alloy nanoparticles synthesized using the medium-
assisted solid-state reaction exhibit highly uniform morphology and nanoscale dimensions (Fig. 1). The nanoparticles
were predominantly spherical and well separated from each other, showing that the synthesis route effectively suppresses
agglomeration and enables controlled nucleation and growth. Statistical analysis of particle size shows a narrow distribu-
tion centered at 5.31 & 0.83 nm, that is consistent with the formation of small catalytic grains that may provide enhanced
surface reactivity due to their high surface-to-volume ratio that significantly increases the density of exposed active sites.

F1G. 1. Transmission electron microscopy (TEM) characterization of FeCoNiPt alloy nanoparticles:
high-resolution TEM (HRTEM) images (a, b, ¢, d) and HRTEM micrographs at higher magnification

(e, ).
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High-resolution TEM (HRTEM) images show well-dispersed, predominantly spherical FeCoNiPt nanoparticles (Fig,
1: a, b, c, d). Fig. 1 (e, f) presents HRTEM micrographs at higher magnification. It can be seen that high-resolution TEM
images display distinct, well-resolved lattice fringes throughout the nanoparticles, confirming their high crystallinity. The
presence of continuous and coherent atomic planes suggests that alloying occurs through a homogeneous solid-solution
mechanism, with no evidence of core—shell formation, phase separation, or structural defects. The degree of crystalline
uniformity is critical for catalytic stability, as grain boundaries and compositional heterogeneities often reduce activity
and induce the degradation processes.

3.2. STEM-EDS analysis and quantitative composition of the alloy NPs

High-angle annular dark-field scanning (HAADF) STEM, combined with energy-dispersive X-ray spectroscopy
(EDS), was used to evaluate elemental distribution across the nanoparticles. Fig. 2 presents an example of the appropriate
data obtained for Feqg §Co30.2Nisg. ¢Ptg 4 alloy NPs. Z-contrast HAADF images show uniform brightness, implying an
even distribution of high- and low-atomic-number elements throughout the sample. As can be seen, elemental mapping
confirms that Fe, Co, Ni, and Pt are homogeneously distributed across nanoparticles without detectable segregation and
clustering.

The observed compositional uniformity presents a critical characteristic of multicomponent alloys and is essential
for achieving synergistic electronic interactions between constituent elements. The formation of a chemically homo-
geneous alloy ensures that each catalytic site meets similar local bonding environments and enhances the stability of
electrocatalytic behavior. Moreover, homogeneous alloying modulates the electronic structure allowing the optimization
of adsorption energies for HER and OER processes.

L]
==
=
B

NiCoFePt

F1G. 2. STEM-EDS elemental mapping of FeCoNiPt alloy nanoparticles. High-angle annular dark-
field (HAADF) STEM image of a representative nanoparticles and corresponding elemental maps for
Fe, Co, Ni, and Pt.

The combined results of the TEM and STEM-EDS analyses provide strong evidence that the synthesized FeCoNiPt
alloy NPs form a single-phase, compositionally homogeneous alloy with ultrasmall particle size. The characteristics ob-
tained are directly relevant for the application in catalysis. Ultrasmall size of NPs (~5 nm) provides a high density of
active surface atoms, homogeneous alloying maximizes synergistic electronic effects among Fe, Co, Ni, and Pt, uniform
crystallinity ensures consistent catalytic behavior across particles, while the absence of segregation will prevent the deac-
tivation pathways associated with phase instability. The listed above structural and compositional features will strongly
influence the d-band structure of Pt-containing alloys, and enable the possibility of fine-tuning of adsorption strengths for
HER and OER intermediates.

The actual elemental compositions of the synthesized alloy NPs determined by EDX analysis and the contents
of each element in FeCoNiPt NPs are summarized in Table. The composition of NPs for the initial Pt precursor
amount of 10 %, 20 %, and 30 %, was found to be, respectively, Feog §C030.2Nigg.¢Ptg.4, Fear.5C096.7Nisg ¢Ptis.7,
and Feog.7Co24.3Nias gPtog 2. The obtained values correspond closely to the nominal molar ratios used during synthesis,
demonstrating reliable incorporation of each precursor into the alloy lattice. Importantly, the agreement between nominal
and measured compositions confirms that alloying occurs throughout the nanoparticle volume, not merely at the surface.



922 0. V. Alexeeva, O. K. Karyagina, S. S. Kozlov, et al.

TABLE 1. The chemical composition of NPs

Initial Pt Resulted composition
precursor of FeCoNiPt NPs (%)

amount | Fe | Co | Ni | Pt

10% 29.8 |1 30.2 | 30.6 | 9.4
20% 2751267 |27.1 | 18.7
30% 2371243 | 23.8 | 282

The minor deviation in Ni concentration is within typical experimental variation for nanoscale EDS measurements. Criti-
cally, the incorporation of all elements in ratios similar to the target stoichiometry confirms that alloying occurs throughout
the entire nanoparticle volume, not just at the surface.

3.3. Structural analysis using FFT and SAED

To further elucidate the crystallographic characteristics of the FeCoNiPt nanoparticles, Fast Fourier Transform (FFT)
and Selected Area Electron Diffraction (SAED) analyses were carried out. Both techniques provided consistent evidence
supporting the formation of a single-phase solid solution with a face-centered cubic (FCC) structure. FFT patterns ob-
tained from several individual nanoparticles exhibit well-defined periodic diffraction spots indicative of ordered atomic
arrangements characteristic of the FCC phase (Fig. 3). Inverse FFT (IFFT) reconstruction of selected lattice fringes re-
veals an interplanar spacing of 0.240 nm, corresponding to the (111) plane of an FCC structure. The average spacing
extracted from multiple particles was 0.241 nm, confirming the consistency of the FCC phase throughout the sample. The
corresponding lattice parameter, calculated from the (111) spacing, is in good agreement with the expected values for
Pt-containing FCC alloys.

e L (nm) Picks
number
NP1 2.44 10 0.244

f L (nm) Picks
number
NP2 3.14 13

0.241

Fi§8

g8

48

-

F1G. 3. FFT analysis of representative FeCoNiPt nanoparticles. (a, c) HRTEM images of nanoparti-
cles NP1 and NP2; (b, d) IFFT images showing lattice fringes. In insert: corresponding FFT patterns
exhibiting FCC diffraction maxima; (c, e) calculation of the d-spacing values.

The SAED patterns (Fig. 4) display a set of concentric diffraction rings, which can be indexed to the (111), (200), and
(200) reflections of an FCC crystal structure. The absence of an additional diffraction rings or discrete spots indicates that
the FeCoNiPt nanoparticles crystallize in a single-phase solid solution without detectable secondary phases or elemental
segregation. According to SAED measurements the interplanar spacings were found to be: 0.247 nm for (111), 0.219 nm
for (200), and 0.162 nm for (220). These values closely match the expected spacings. The excellent agreement between
the measured and theoretical values, together with FFT results, confirms that the FeCoNiPt nanoparticles adopt a well-
defined FCC phase.
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6.18 1/nm

FI1G. 4. SAED analysis of FeCoNiPt nanoparticles.(a, b) HRTEM images showing nanoparticle mor-
phology; (c) SAED pattern showing FCC diffraction rings.

3.4. Interpretation of lattice spacing deviations

Minor deviations observed between the experimental and theoretical lattice spacings are expected for multicomponent
alloys such as FeCoNiPt. These variations can be attributed to several factors, including atomic-size mismatch between Pt
and 3d transition metals; local lattice distortions inherent to multicomponent or high-entropy alloy systems; compositional
complexity, including slight differences in the local coordination environment; surface relaxation effects in ultrasmall
nanoparticles.

The slightly larger lattice spacing which was observed for the (111) plane (0.247 nm) is consistent with the reported
values for other FCC multi-element alloys. In previously reported studies similar d-spacings have been also identified
in the range 2.38-2.42 A for FeNiMnCrCu and 2.35 A for FeCoNiCrAl. These results demonstrate the stability of
FCC structure across a wide compositional range. The agreement between the values obtained in this study and the
literature data confirms that the synthesized FeCoNiPt nanoparticles possess a structurally favorable configuration for
electrocatalytic activity, which may contribute to their performance in HER and OER.

4. Conclusion

In this work, ultrasmall FeCoNiPt alloy NPs with controlled platinum contents were successfully synthesized using
a medium-assisted solid-state reaction. Comprehensive structural and compositional analyses using TEM, HRTEM, FFT,
SAED, STEM-EDS, and EDX demonstrate that the obtained NPs form a single-phase, compositionally homogeneous
FCC solid solution. The particles exhibit a uniform spherical morphology with a narrow size distribution of ~5 nm, co-
herent lattice fringes, and an absence of segregation or secondary phases. STEM-EDS mapping confirms the homogeneous
incorporation of Fe, Co, Ni, and Pt throughout the nanoparticle volume, verifying the formation of a true multicomponent
alloy.

FFT and SAED analyses reveal well-defined FCC diffraction signatures with measured interplanar distances closely
matching theoretical predictions. Minor deviations in lattice spacing are attributed to atomic-size mismatch and local
lattice distortions typical of multicomponent alloy systems. These features collectively indicate that the alloying process
proceeds efficiently, producing structurally stable and electronically interactive FeCoNiPt nanoparticles.

The structural characteristics identified ultrasmall particle size, homogeneous alloying, coherent crystallinity, and
lattice strain effects. The listed properties have a direct and beneficial influence on catalytic properties, particularly
for electrocatalytic reactions such as the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).
The observed lattice expansion and uniform multimetal mixing suggest favorable modulation of the electronic structure,
including potential tuning of the d-band center, which is a key factor which governs the adsorption energetics on Pt-based
alloy surfaces.

Although the present manuscript focuses primarily on synthesis and structural characterization, the demonstrated
physico-chemical features strongly suggest that FeCoNiPt alloy NPs are promising candidates for advanced electrocat-
alytic applications. A detailed investigation of the electrocatalytic performance of FeCoNiPt nanoparticles, particularly
towards HER and OER, will be the subject of our next study. The insights obtained here provide a solid foundation for
understanding the structure—property relationships that will guide the design of efficient Pt-economized electrocatalysts.
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OOpaTHblii aHAJIN3 HATPYKEHHOT0 YPABHEHHUS TENJIONMPOBOJIHOCTH
Ywmuna banraesa, [IpaBun Arapsan, boOyp Xacano, XampoOek Xautbae, @iopenc KOoep

B nanHoit pabore wmcchenyercs oOpaTHas 3ajada JUIsl  ypaBHEHHMS —TEIUIONPOBOIHOCTH,
cojiepXKamiero  ApoOHBIE  HAarpy>KeHHbIE  WIEHBI W KO3(Q(OUIMEHTHI, 3aBUCAIIME  OT
IIPOCTPAHCTBEHHBIX IepeMeHHbIX. [IyTéM cBeneHus UCXOQHOM 3aayu K DKBUBAJICHTHOW CUCTEME
Harpy>K€HHbIX HHTErpo-IudGepeHaIbHbIX YPABHEHUH MOJYYEHbl JOCTAaTOYHBIE YCJIOBUS
CYILLIECTBOBaHMUs M €JUHCTBEHHOCTH pewieHus. IlpennaraeMplii moaxoj OCHOBAH Ha IPUHIUIIE
C)KMMAIOIIEr0 OTOOpaXE€HUs M HCIOJIb30BaHMU JAPOOHBIX MHTerpanoB Pumana—JlnyBumis.
Pa3paboTanHblii MaTeMaTUYECKHUiA anmapat MOKET ObITh NPUMEHEH IS onucaHus Aup(y3UOHHBIX
IPOLIECCOB B Cpellax ¢ MPOCTPAHCTBEHHON HEOTHOPOJHOCTBIO U AP PEKTaMU aMSITH.

KiaroueBnle cioBa: YPAaBHCHHUEC TCILJIOMIPOBOJHOCTH, O6paTHa$I 3ajayda, )IpO6HO€ HNCYUCIICHUC,
I/I,Z[eHTI/I(I)I/IKaI_II/IH AApa, METOJ CXKUMAKOIICTO OT06pa)KCHI/I}I

0] CymeCTBOBAaHNM MAKCUMAJBHOI0O YHCJIA H30JHPOBAHHBIX COOCTBEHHBIX

3HAYeHUI 1J19 peméTouHoro oneparopa llpéauurepa
Jlakaes C.H., Jlarunosa JI.A., Axmagosa M.O. ku3u

B nmanHOli paboTe mpencTaBlieH MOAPOOHBIN CHEKTPadbHBIM aHAIN3 JHUCKPETHOTO OlepaTopa
Ipémunarepa $H_{\gamma\lambda\mu}(K)$, xoTopblii omuchIBacT CHUCTEMY ABYX OJIMHAKOBBIX
0030HOB Ha aByMepHOW pemiérke $\mathbb{Z}"2$. CemeiicTBO omepaTopoB MapaMeTPH30BAHO
kBazuuMIysbcoM $K \in \mathbb{T}"2$ u BemecTBEHHBIMH KOHCTAaHTaMHU B3aMMOJCUCTBUS: $
\gamma$ (mans B3ammozercTBus Ha y3ie), $\lambda$ (mns B3ammomelcTBUS ¢ OMMKARIIAMU
cocemsiMu) U $\mu$ (a1 B3aMMOACHCTBHSI CO CICIYFOIUME ONMbKalIMMu cocesimu). KimroueBbiM
pe3yIbTaTOM HAIIIETO MCCIICIOBAHMUS SBISIETCS TO, YTO TIPU ONPEIENIEHHBIX YCIOBHUAX HA TTApaMETPhI
B3aumozeicTeus ($\gamma, \lambda, \mu$) oneparop $H {\gamma\lambda\mu}(K)$ nns Bcex $K
\in \mathbb{T}"2$ Bcerma mmMeeT poBHO ceMb COOCTBEHHBIX 3HAYEHMIi, JIC)KANUX JTHOO HUKE
HWDKHEH TpaHuUIbl, THOO0 BBIIIE BEPXHEH IPaHUIIBI €T0 CYIIECTBEHHOTO CIIEKTpa.

KuarwueBble ciioBa: cucteMa JIByX 4acTHuil, TUCKpeTHbIN onepaTop [IIpéaunrepa, CyiiecTBEHHbIM
CIIEKTp, CBA3AHHBIE COCTOSHUSA, AeTepMUHAHT Dpearonapma.

MaremaTHuyeckoe MOJICJIUPOBAHNE MNMPOMBIINUICHHOI0 CHHTE3a aMMHaKa C

HCII0JIb30BAHMEM HEJIMHEMHBIX YPaBHEHU peakuuu-aupPpy3nu
Kammua Xacanos, Coxubxan MymuHos, Capsap Mckangapos

B nanHOoM uccrieoBaHMM MpejuiaraeTcss MaTeMaThudeckass MOJeNb CUHTe3a aMMMaKa, OCHOBaHHAas
Ha HEJIMHEHHBIX YpaBHEHUIX peakunu-nudpdys3nn. Moaens 00beJMHIET BRIPOKACHHYIO TUPPY3HI0
raza B peakTope ¢ KuHeTukoil peakuuu [abepa-boma nns ucciemoBanusi 3pQPexTUBHOCTH U
DKOJIOTMYECKOM  YCTOMYMBOCTH. [IpoBeneH TeopeTMyeckMii aHamu3 Uil YCTAHOBIICHUS
CYLIECTBOBaHMSI W YCTOWYMBOCTU TJOOANbHBIX pelIeHU Juis ©0a30BOH  BBIPOKIACHHOMN
napaboandyecko cucreMbl. UHCIEHHOE MOJAEIMPOBAHUE OBLJIO TPOBEPEHO HA  OCHOBE
MPOMBIIUICHHBIX JaHHBIX 3aBoja «HaBomazor» B VY30ekucrane, mpoaeMoHCTpupoBaB 98,2%
TOYHOCTh OIpeNeNeHus] Mpouiell KOHIEHTPAMH U TPEBOCXOJS MOJEIH C TOCTOSHHON
muddysueit Ha 12—15% B 0061acTsIX ¢ HU3KON KOHIIEHTPAIHEH.

KiioueBble cioBa: HenuHeiHas peakius-auddysus, BeipokaeHHas n1uddys3us, CHHTE3 aMMHaKa,
kuHeTHKa ["abepa-boia, rmodanbHas yCTOWYMBOCTD.
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HanocTpykTypupOBaHMe TOHKHX THTAHOBBIX IVIEHOK HAa OCHOBEe CYOBOJIHOBBIX

JINIIIC
A.C. Xpamos, M. JI. Bacunnes, JI.A. Cunes, E.A. Illaxno

IIpenu3OHHOE HAHOCTPYKTYPUPOBAHUE TOHKHUX IIICHOK SBJISIETCS BAXKHOM 3aJadyed B
IIPOU3BOJICTBE COBPEMEHHBIX 3JIEMEHTOB ONTOMIEKTPOHUKHU U poToHUKH. [Ipsmast 3anmuck jgazepHo-
UHIYyIMPOBAHHBIX  IMEPUOAMYECKMX  TOBEPXHOCTHBIX  cTpykTyp  (JIMIIIIC)  sBnsercs
NEPCIIEKTUBHBIM MHCTPYMEHTOM MJIs MPSMOT0 CyOBOJIHOBOIO HaHOCTPYKTypupoBaHusi. HenaBHue
UCCIIEIOBAaHMs MOKa3bIBaloT, uTo AuHaMuka ¢opmuposanus JIUIIIIC cymecTBeHHO M3MeHseTcs,
eclM IJIeHKa SBJSETCS ONTHYECKH TOHKOM. B 93Toil pabore mnpencraBieHa KOMIUIEKCHAs
QHWINTUYECKAs MOJEb, IPU3BAHHAA COKPATUTh pa3pblB MEXKIAY OXHIAEMOM IMHAMUKON
AIIEKTPOMArHUTHBIX noJjeit Bo Bpems popmuposanus JIUIIIIC u sxcriepiMeHTaIbHO MOIy4aeMbIMU
pe3yiabTaTaMyd  HAaHOCTPYKTYpUpOBaHMs. @DEHOMEHOJIOTHYecKass MOJEIb  paclIpOCTPaHEHUs
MOBEPXHOCTHOM 3nekTpoMarHUTHONH BodHbL ([I9B) Ha rpanune pasgena miIeHKa—TIOUIOKKA
witrocTpupyer  MexaHusM  ¢opmupoBanus JIMIIIIC ¢ ucnonb3oBaHMEM MNEPUOIUYECKOTO
pacrnipenenenus KoHueHtpauu saepruu [19B. Paccuntansr xapakrepuctuku [19B B 3aBucumoctn
OT TOJIIMHBI METAJNTMYECKOM IJICHKH, a TaKXKe IMOKa3aHa MOJIOKUTENIbHAsT 00paTHasl CBA3b MEXIY
JIOKAJIBHOM TOJIIIMHOM PaCTYIIETO OKCHUIHOTO CJI0sl M KOHILIeHTparue sueprun [19B. M3menenus B
mexanusmax (opmupoBanus JIMIIIIC moxarBep» aeHbl SKCIIEPUMEHTAIbHO HAa IUIEHKAaX THUTaHA
pa3IMyYHOM TOJIIMHBL. OTH pe3yibTaTbl MPOSCHSAIOT BHYTPEHHHE (DPHU3UUYECKHE MEXaHU3MbI
dopmupoBanuss JIMIIIIC Ha TOHKMX METAIMYECKUX IUIGHKAX W PaACIIUpPSIOT BO3MOXHOCTH
npumenenus JIUIIIC ayis HaHOCTPYKTYpHUPOBAHUS.

KiroueBble cJioBa: J1a3epHO-UHIYLIMPOBAHHbIE MEPUOJUYECKUE TIOBEPXHOCTHBIE CTPYKTYPBHI,
JINIIIIC, HaHOCTPYKTYpHpPOBaHUE, TOHKUE IIJICHKH, ITpsIMast Jla3epHas 3aluch

JlepeKTHBII MOHOCJION HUTPH/IA ATIOMMHHSA B KaYecTBe JIEKTPOAHOI0 MaTepuaJia s
CYIIePKOHIEHCATOPOB: ucciaegosanue meroaom DFT
[Mamcynmun Axman, Ma. Maxdysyn Xake, 3axup A66ac, M. [llaxzan Xan

B nanHoit paGoTe aHaNM3MPYIOTCS KBAHTOBBIE EMKOCTHBIE CBOMCTBA HAHOJUCTOB HHUTPHUJA
amomuanst (AINNS) ¢ nmedexramu, ¢ akIeHTOM Ha WX TOTCHIMAIBHOE WCIIOJIL30BAHHE B
CyMepKoHAeHcaTopaXx. MBI MOATBEPIWIH CTPYKTYPHYIO CTAOMILHOCTh NMPUMUTHBHOWM SUEHKU C
MOMOIIbI0 PAacyYeTOB HHEPrMM KOre3uu M aHaiau3a (OHOHHOTO crekTpa. Hamm pesynbraTsl
MOKA3bIBAIOT, YTO MOHOCIIOH, cojiepkariue amomunanii (Al), azor (N) win umeromue nedpunur Al-
N, 1eMOHCTPUPYIOT MOJIYIPOBOJIHUKOBOE COCTOSTHUE P-TUIA/N-TUTIA WK C IIUPOKON 3ampenieHHON
30HOU. PacueTsl sHeprum oOpa3oBaHus aedekToB mokaszbiBaioT, uyTo AINNS ¢ nmepummrom N
ABIIIETCS HAaUMEHee MPEeANOYTUTEIbHBIM BapHaHTOM. [IpHCyTCTBHUE HETOKOOPIMHUPOBAHHBIX
aTOMOB BOJIM3H Ae(eKTa MPUBOJIUT K MOSBICHUIO HOBOTO MPUMECHOTO COCTOSHUS B 3alpEIICHHON
HHEepPreTHYecKoi 30He. DTO MOoOYAUIIO HAC K JIETAIbHOMY MCCIEI0BAaHUIO UX KBAaHTOBOW €MKOCTH,
Ha KOTOPYIO CHJIBHO BIIMSIET TUIOTHOCTH COCTOSTHMIA BOMM3M sHepruun depmu. Hame uccnenoBanue
nokaseiBaeT, 4to Al-medurutasie AINNS 10CTHUTalOT MaKCHMMaJlbHOM KBAaHTOBOW €MKOCTH
(CQMax) 690 mMxd/cM? B 00JIACTH TOJIOKUTEIBHOTO CMEIICHHS, YTO JIeJAeT MX ITOAXOASIINM
KaHIUJATOM Ha poJib aHOJHOTO MaTepuaja B CyNepKoHAeHcaTopax. Jlins cpaBHeHus, a3oT-
nepurutaeie  AINNS  nmocturaror CQMax 313 Mx®/cM® W MaKkCUMalbHOH  €MKOCTH
nmoBepxHocTHOTO 3apsga (QMax) -91 MxKi/cM?, 9TO mOmUEepKHUBAET UX TOTCHIMAT B Ka4yeCTBE
karoaHoro marepuana. Al-N-gedumnurasie AINNS AeMOHCTPUPYIOT TPOMEKYTOUYHOE MTOBEACHUE C
BBIPQKCHHBIMU THKAaMU KBAaHTOBOW €MKOCTH B 00euX 0OJacTsSX CMEIIEHHUs, 4yTOo obOecredrBaeT
JIOTIOTHUTEIHHYIO THOKOCTD ISl MOTCHIIUATBHBIX IIPUMEHEHHI.

KarwuesBblie ciioBa: Teopus GpyHKIMOHAA IUIOTHOCTH, 30HHASL CTPYKTYpPa, HAHOJIUCTHI HUTPUJA
AIIOMHUHMSI, KBAHTOBAsI EMKOCTh, [TOBEPXHOCTHBIN 3apsiji.
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Bausinue HaHOMacIITA0HOT0 KOH(aiHMEHTA BOJHOM Cpe/ibl HA KPUBYIO

MOJABO/Ia B CKAHUPYIOILEH MUKPOCKOIIUY HOHHOU MPOBOAMMOCTH

Jlykamenko C.I1O., 'op6enko O.M., ®enpmteiH M.JI., Canoxxaukos U. 1., [Tuuaxuu C.B., XKykos
M.B., I'omy6oxk A.O.

HccnenoBanbl OCOOCHHOCTH HAa 3aBUCUMOCTH HOHHOTO TOKa OT PACCTOSIHHSI TPH CONMKEHUU
CTEKJIIHHOM HAHONMIETKH ¢ auameTpoM amnepTypel ~100 HM K TIOBEpXHOCTH TBEPIAOTO
JUAJIEKTPUKAa B CKAaHUPYIOIIEM MMKPOCKONE HOHHOM MpoBoAUMOCTU. [lpu mosoxuTenbHOM
CMEILIEHUHN TMOTEHIHAJA MIEKTPOA, PACHOJIOKEHHOTO B HAHOIIUIIETKE, OTHOCHUTENIBHO 3JIEKTPOAA,
PaCIOJIOKEHHOTO B YaIlIKe IPOUCXOIUT MOHOTOHHOE CHUKEHUE TOKA, OJJHAKO MPU OTPULATEIHLHOM
CMEIIEHWM Ha KPHUBOM TOABOJAa HAOIMIOJAETCS XapakTepHbIM mHK. s 0oOBACHEHHS HTOTO
HEOOBIYHOTO TIOBEJICHHUS TMPEMAJIOKEHA MOJAENb, YUYWUTHIBAIOMIAS TEPEKPBITHE DSICKTPHUECKUX
JIBOMHBIX CJIOEB W sIBJICHHE KOH(GAaWHMEHTa BOJHOW Cpeibl B HAHOKaHAIAaX M HaHO3a30paxX. Mojerns
JEMOHCTPHUPYET XOpOIllee COTJache C IKCIEPUMEHTAIBHBIMU JaHHBIMH M OOECIeYrBaeT OCHOBY
JUISl KOJIMYECTBEHHON OLIEHKHM MOBEPXHOCTHOTO 3aps/ia Ha TPAaHUIE Pa3Zeia 3JIEKTPOIUT—-TBEPIAOE
TEJO0 C HAHOMACIITaOHOW MPOCTPAHCTBEHHOMN YyBCTBUTEILHOCTHIO.

KaroueBbie cioBa: HanomacmTaOHbI KOH(paMHMEHT BOJbI, HAHONOPA, MUK-3(P(EKT, ypaBHEHUS
ITyaccona—HepHcra—IInanka, moBepXHOCTHAs IIJIOTHOCTH 3aps/a.

MeToa reTepoAMHHOIO [eTEeKTUPOBAHUSA MHOIOMOJAOBBIX COCTOSTHMH J1JIs1
KBAHTOBOI0 pachnpeaejeHisi KJIHOYa Ha HeNpepbIBHBIX IepPeMEHHbIX ¢

HCIO0JIL30BAaHHEM 0OKOBBIX YaCTOT
Oununos U.M., 'onuapos P.K., Jlamkos M.B., bornanosa E.U.,
3unoBbeB A.B., Uuctsakor B.B., Kucenes @./1.

[IpencraBieH HOBBIM METOJ] KOTE€PEHTHOTO JETEKTHUPOBAHUS KBAHTOBBIX COCTOSHUN Ha OOKOBBIX
yactoTax (bY), npuMeHseMblif B KBAHTOBOM pacrpeeNieHuH KII04a Ha HEMPEePBIBHBIX MEPEMEHHBIX
(KPK-HII). Ilpennmaraemslii 1mMoaxoJ OCHOBaH Ha TMOBTOPHON ()a30BOM MOIYJSIIIMM HA CTOPOHE
MPUEMHHKA U TPOCTPAHCTBEHHOM pa3/IeJICHHNH YaCTOTHBIX KOMIIOHEHT HEeCyIIe U OOKOBBIX YacTOT.
BBIXOHBIM CHUTHAJIOM SIBIIIETCS MPOMEKYTOUHAs YacTOTa, OMpeaeNseMas Pa3HOCTHIO MEXIY
YacTOTaMH MOJYJISAIMU OTIpABUTENST M TodyyaTens. Pa3paboraHa aHanuThdeckas MOJEThb
BBIXOJTHOTO CHTHAJIA JIETEKTOpa C UCIOJIb30BAHUEM 3aBHCSIICH OT BpPEMEHH MOIYJISIIMNA HAa OCHOBE
KJlaccuueckoro wMetoga ¢ (Qynkuusamu beccens, M TpoOBeNeH CpPaBHUTENBHBIA aHAU3 C
JTbTEPHATUBHBIMH METOJAMHU TETEPOJUHHOTO JIETEKTHUPOBAHMS. DKCIEPUMEHTAIbHAs IMPOBEPKA
MOATBEPKIAET JIMHEHHYIO 3aBUCUMOCTh BBIXOJIHOTO CUTHAA OT YaCTOThl MOAYJIALIMMA PUEMHHKA U
WHJEKCa MOMAYJSIIUA OTIPABUTENII B PEXKUME MaJloro uHAEKca Moxayisiuuu. Kpome Toro,
MIPOJIEMOHCTPUPOBAHA  OCYIIECTBUMOCTh IPEAJIOKEHHOTO METOJla MyTeM JETEeKTUPOBAHUS
JIMCKPETHO MOJYJIMPOBAHHBIX CUTHAJIOB C UCIOJIb30BAaHUEM KBaJIpaTypHOH (a30BON MaHHUMYJISIIUN
(QPSK).

KiroueBnle ciioBa: KOI'€pCHTHOC ACTCKTUPOBAHUC, OOKOBEIE YaCTOThI, HCIIPCPBIBHBIC IICPCMCHHLIC,
KBAaHTOBOC paclpCACICHUC KIII0Ya.

MHuoroypoBHeBass (Gu3HYeCKH HeKJOHUpPyeMass (YHKUUSA, OCHOBAHHAsl Ha
HAHOCTPYKTYpax H3 cepedpa, cCiay4YallHbIM 00pa3oM HHTErpHUPOBAHHBIX B

KPUCTAJIMYECKYI0 KPEMHHEBYIO IJIACTHHY
®enoposa M.B., Ilerposa E.A., Jlapun A.O., Cannomupckuit M.I1., Epmuna A.A., ITasnos C.H.,
Kapoga F0.A., [Tlepmsikos JI.B., Spomenko B.B., 3yes JI.A.
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B oroif crathe mpencrtaBieHa onTuueckas Qusuuecku HekinoHupyemas ¢yHkius (OHD),
OCHOBaHHAsl Ha cepeOpsSHBIX (Ag) HAHOCTPYKTypax, CIyd4ailHbIM 00pa3oM c(OPMHUPOBAHHBIX Ha
KPUCTAITMUECKON KpeMHHUEBOM (Si1) IIacTUHE MyTeM ralbBAHMYECKOTO CMEIIEHUSI U TEPMUYECKOTO
omkura. B pesynbrare 3TOro mpouecca 00pa3yloTcs HAHOCTPYKTYPhl CO CTOXAaCTUYECKUM
MIPOCTPAHCTBEHHBIM paclpeieieHueM 1 MopQoIorued, 4To NPHUBOJUT K HEIMpPeICKa3yeMbIM
HEJIMHEHHBIM ONTUYECKHM XapakTepucTukaMm. | uOpuanblii uHTEpdeiic Ag-Si coszmaer aBa
HE3aBUCUMBIX curHaia: dotomomuHeceHuo (DJI) u renepamuio Bropoit rapmonuku (I'BI).
[TIpoctpanctBennbie kapthl ®JI um I'BI' Obuim OuHAapu30BaHBl M MPOAHAIM3UPOBAHBI C
UCIIONIb30BaHUEM CTaHIapTHhIX nokaszareneit ®H®. I'BI' npoagemoncTpupoBaia 6ojee BBICOKYIO
SHTPOIHUIO U 0oJiee COATAHCUPOBAHHOE pacrpeeieHue OUTOB, YTO JENIaeT €€ MPEANOYTHTEIbHBIM
KaHaJoM KoaupoBaHusi, B To Bpems kak DJI obecrneuuBaeT OOMOTHUTEIBHBIA YPOBEHD
Bepudukanuu. MeToJ M3rOTOBJICHHUS SBISIETCS MaciuTabupyembIM, HEe TpeOyeT JuTorpaduu u
COBMECTUM CO CTaHAAPTHBIMU METO/IAMH U3TOTOBJICHUSI.

KioueBbie cjoBa: cepeOpsiHbIe HAHOCTPYKTYphI, KpemHuii; ['BI'; doTomoMmuHECICHITNS;
¢du3nueckas HeKJIOHUpYeMasi PYHKIUS.

Y®O-moayasnus PeaoKCc-CBOMCTB HAHOAMCIEPCHOI0 IMOKCHAA LEPUA U ero

KOHBIOIaToB ¢ hepMeHTAMU
CozapykoBa M.M., @®uwmunnoa A.J[., ParoBa JI.-M., Muxees W.B., IIpockypuuna E.B.,
bapanuukos A.E., UBanoB B.K.

B mHacrosmeir pabore wucchnemoBaHo — BiusiHEMEe Y ®-00myueHUS Ha  pPEIOKC-CBOMCTBA
HAHOJMCIIEPCHOTO JTMOKCHAA LEPUS U €r0 KOHBIOraToB ¢ (hepMEeHTaMH — CYNEePOKCHAIUCMYTa301
(COO) um mnepokcumazod u3 KopHell XpeHa. [lo JaHHBIM XEMUJIIOMUHECIIEHTHOTO aHaJIN3a,
Hanovactunpl  CeO, ob6mamaror CO/I-mogoOHON  aKTHBHOCTBIO, TPH  OTOM  PaJHUKa-
MepexBaThIBAIONINE CBOMCTBA KOHBIOTaTOB CeO; ¢ pepmenTtom COJl 3HAUUTETHHO YCUIIMBAIOTCS 32
cyeT cuHeprerndeckoro 3 dexra. YcraHoBIeHO, 4TO Bo3aeicTBue Y D-o0myuenus camxaet CO/I-
noI00Hy0 akTUBHOCTh HaHouacTull CeO, um ux koubtoratoB ¢ COJl. B coctaBe KOHBIOTaTOB
HaHOJIMCTIEPCHBIN AUOKCH] LIEpHs MOBbIAET YCTOWUUBOCTh COJl K OKHMCIUTENbHOU NECTPYKIUH,
BbI3BaHHOH Y D-001y4eHHEM, UTO CBUACTEIBCTBYET O (DOTOMPOTEKTOPHBIX CBOMCTBAX HAHOYACTHUI]
CeQO,. Konstorarel HanogucnepcHoro CeO, ¢ mnepokcuaazol W3 KOpPHEH XpeHa MPOSIBISIOT
3HAYUTENIBHO MEHBIIYI0 TPOOKCUAATHYIO AaKTHBHOCTh, HO OOJbIIyt0 (OTOCTAOUIBHOCTh I10
CPaBHEHMIO C HHIUBUAYaIbHBIM (epMeHTOM. Brnusnue Y®-o0iydeHHs Ha MPOOKCHUIAHTHBIE
cBoiictBa koHbtOraroB CeQO, ¢ NepoKCcHIa30i W3 KOpHEH XpEeHa HOCWIO pa3HOHAINpPABICHHBIN
XapaKkTep M 3aBUCEIO OT BpPEMEHHU B3aUMOJCHCTBHUS TUOKCHAA Iepusi ¢ OenkoMm. Pe3ynbTarhbl
MOJTBEPXKIAIOT, YTO KOHBIoratel HaHodactul] CeO, ¢ ¢epMeHTamMH 00NaJalOT AKTUBHOCTHIO,
MoaynIupyeMol B ToM uucie Y®D-u3iaydeHHeM, 4YTO CJeAyeT YYWUThIBaThb MpH pa3paboTke
COBPEMEHHBIX KOCMEIIEBTUYECKUX MPETapaToB.

KiroueBble ¢j10Ba: HAHOIUCTIEPCHBIN AMOKCU LIEpUsi, CYNEPOKCUIANCMYTa3a, epokcuaasa, Y d-
obmydenne, pepMeHT, KOHBIOTAT, PeIOKC-perysinus, (poro3ammra

TepmoauHamMuyeckMi aHaau3 (POPMUPOBAHUSA HAHOKPHCTA/LUIOB B CHCTEMe
TiO:-H,O (NaOH, HCI)
Enosukos JI.I1., Anemsamesa O.B., I'ycapos B.B.

B pabore mnpoBeneH TepMOAMHAMMYECKHM aHAIW3 KPUCTAUIM3ALMM JMOKCHAAa THTAaHA B
Mou(pUKalMIX aHaTa3a, OPYKUTA U PyTHIIa U3 BOJHO-COJIEBBIX PACTBOPOB C yueToM BiusiHus pH
Cpelbl, TeMIepaTyphl, KOHLIEHTPAIlMM PEareHTOB M YAEIbHON MOBEPXHOCTHOM 3Hepruu ¢as (o).
[Toxa3zaHo, 4TO BBIOOpP BETUYMHBI G JJI TEPMOJUHAMHYECKOIO aHalIM3a KPUCTAJUIM3AIMKM aHaTas3a
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ABJsieTcs omnpenensomum: mpu 6x = 0.3 J[x/M*> MUHUMAaNbHBIA pa3Mep YacTHUI] ONpeaesseTcs
KPUCTAJUIOXUMUYECKUM KpUTEPUEM ([min~5—7 HM), a Tipu 64 = 1.3 J[x/M? -TepMOAMHAMUYIECKUMHU
KPUTEPUAMHU (deric ~ 8 HM, doq ~ 12 HM). C uCTIONb30BaHUEM 3HAUEHHUN G, HanOoJee MPUOIKEHHBIX
K yCJOBHMSIM TuapatupoBaHHod mnoBepxHocTu TiO, (or = 1.79, o = 1.0, ox = 1.13 Ix/m?)
orpeneneHbl 00JacTH BO3MOXKHOM KpPUCTAIU3ALMM  Kaxa0M Moaudpukanuu. PyTtun moxer
KPUCTAJUTM30BaThCA B OTHOCHUTENIBHO MHpOKOM auanazone Benudyud pH 0.8-14 (25 °C) u 1.1-10.2
(200 °C), a MHUHHMAanbHBIE pa3Mepbl YacTUI[ pPYyTHJIA B OTHUX YCJOBUSAX OIPENeNIOTCs
TEPMOJUHAMHYECKUMU KPUTEPUIMH — deric U deq. [T OpyKHTa M aHaTa3a B KUCIBIX M ILIEIOYHBIX
ycnoBusax (pH ~1-3 u 9-14) muHMManbHble pasMepsl Takke, Kak M Uil pyTHJIA OMpPEIeNsIoTCs
TEPMOJMHAMHYECKUMU KPUTEPUSMH, TOTJa KaK B HEUTpaIbHOW 00IacTH — KPUCTATNIOXUMUYECKUM
KpUTEepHEM /min. Ha OCHOBe aHanmM3a CTPYKTYpPHBIX MEPEXOJIOB YCTAHOBJIEHO, YTO aHATa3 MOXKET
TpaHC(HOPMHUPOBATHCS B PYTHII WK OPYKHUT TIpH pa3zmepax ydactuil oosee ~16 uM. Paccuntannbrit
pasmep nepexoia OpyKUT — pYTHII cocTaBisgeT ~712 HM.

KiaroueBnle ciioBa: HaHOKPHUCTAJJIbI, OKCHU/] TUTAHA, KpI/ITI/I‘IeCKI/Iﬁ 3apOAbIIII.

OcoOennoctu (¢opmupoBanuss nokpbiTuii gocpara Ce(IV) Ha moBepxHOCTH

KpeMHe3eMa NPH UX CHHTe3€ MeTOJI0M HOHHOI'0 HAacJJanBaHUSA
Uyswiio FO., Kykio JI., Toncroit B.

B crathe mpeacraBieHBl YCIOBUS TMoOMydeHHs TOKpbITHA (ochata Ce(IV) Ha moBepxHOCTH
KpPeMHHUs U KBapla MeronoM MoHHoro HacnauBaHus (MH). IToka3aHo, 4To mpH MCIIOJIB30BaHUM B
kauecTBe peareHToB pacTBopoB (NH4):Ce(SO4)s m NaH,PO, Ha mnoBepxXHOCTH HOJJIOKEK
dopmupyrorcss  nokpbiTust coctaBa Ce(OH)PO,nH,O, a mnpu wucnonb3oBaHUM pPacTBOPOB
(NH4)4Ce(SO4)s m NasPO, — moxpbrtust coctaBa Nag,Ce(OH),4(PO4)os nH2O. Ot coenunenus
umeroT amopduyro crpykrypy. Anamuz wmetogom COM  Nag,Ce(OH),4(POs)osnH,O Ha
MOBEPXHOCTU KPEMHHMsI [MOKa3aj, YTo AJii oOpa3loB, MOJy4YEHHBIX B pe3yibrare 15 muxnos MH,
IUTaHApHbIE M30TPONHbIE MOKPBITUS YaCTUUHO CBOPAYMBAIOTCS B MUKPOTPYOKHM ¢ Mopdonorueit
MHUKPOCBHUTKOB JuaMeTpoM 3—5 MM U juymHON 30—100 mxMm. CocTaB ykazaHHbIX gocharoB Ce(IV)
MOYET OBbITh CPABHUTEJIBHO JIETKO JIONMUPOBaH B Ipoliecce CUHTe3a, Hanpumep, katnoHamu Fe(Il) u
BoNb()paMaT-annoHaMu. YctaHoBineHo, uto mokpeitus Ce(OH)PO,nH,O xapaxrepusyrorcs
MHTEHCUBHON moj0coi mnoryomeHuss B Y®-001acTu CHEKTpa U MOTYT ObITh HCIOJb30BAaHBI B
KayecTBE KOMIIOHEHTOB Pa3IMYHbIX 3aLIUTHBIX cpeacTB. IIpu 3tom creneHs noriouieHus Y P-
U3JIy4YEeHUSI B TAKOM IOKPBITUH MOKHO KOHTPOJIMPOBATh, BapbUPys YCIOBHsI CHHTE3a, HallpuMep,
KOJIM4ecTBO nukios MH.

KawueBble ciaoBa: ¢ocharer  Ce(IV), mNOKpHITHS, HWOHHOE HAClauBaHHWE, 3alluTa OT
yIbTpaduoIeTa, MUKPOCBUTKH.

Biausinne OKMCJINTEILHO-BOCCTAHOBUTEILHOI0 COOTHOLICHHSA HA CTPYKTYPHbIE
U MAarHUTHBbIE CBOCTBA HAHOQeppUTOB Zn,sMnysFe,O4 cuHTE3UPpOBaHHBIC

METOAOM INNIMIINH-HUTPATHOI'0 PACTBOPHOI'O TOPECHUS
Kupssnos H.B., Maptuncon K. /.

HanoctpykrypupoBanusie (pepputhl Zno.sMno.sFe2:Os4 ObUIM CHHTE3MPOBAaHBI METOJOM TJIHMIIWH-
HUTPATHOTO PACTBOPHOTO TOPEHUS IPU COOTHOIIEHUH TOIUIMBA K OKHCIUTENO f B Ananaszone ot 0,4
no 1,6, nns omnpeneneHus BIHSHHAA OKHCIUTEIbHO-BOCCTAHOBUTEIBHOTO COOTHOLIEHUS Ha
CTPYKTYpy W MAarHUTHbIE CBOWCTBA. PeHTreHoBckas Au@pakius HOATBEp:KIaeT oOpa3zoBaHUE
onHo(a3HON KyOMYecKod INMUHENTW A BCEX COCTAaBOB, INPH 3TOM pa3Mep KpPUCTAJUIUTOB
n3MeHsiercss or ~8 no 108 HM, a MMHUMaNbHbBIE 3HAYEHMs] KaK pa3Mepa KPUCTAUIUTOB, TaK M
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napamerpa pemetku (8,420 A) momyuenmsl B ycnosusx gepuuura Ttommusa (f = 0,4);
Mukponedopmanuu pemetkd He npeBbimnaioT 0,5%. Meron COM mnokaszan Hajgudue ariioMepaToB
pasmepom 3—5 MKM, coctosmue U3 dactul pazmMepoM 30—-190 HM, B TO BpeMsl KaK XMMHUYECKHI
anamu3 MeronoMm DJIC mokaszan COOTHOIICHHs] KaTHOHOB ONHM3KHE K TEOPETHYECKOMY COCTaBy.
MarnutHele u3MmepeHus npu temreparype 300 K aeMOHCTpHPYHOT THIIMYHOE MAarHUTOMSTKOE
MOBE/ICHNE: HAMAarHWYeHHOCTh HACHIINICHUsS Bapbupyercs oT 16,1 mo 68,3 sme/r, octaTouHas
HaMarHu4eHHocth — oT 1,8 1o 20,3 sme/r, a kKodpruTHUBHAA cuia — oT 34,7 go 85,6 O. Bee atn
napaMmeTpsl 3PPEKTUBHO PETYTUPYIOTCSA COAepKaHUEeM ToruBa. Hanbombinas HaMarHH4eHHOCTh
HACBIIICHHS JTIOCTUTAaeTCsl BOMM3M cTexuomerpudeckoro cootHomenus (f = 0,8-1,0), torma kax
M30BITOK TOIUIMBA MPHUBOJUT K YBEIWYCHHUIO KOIPIUTHBHOW CHIIBI 32 CYET HW3MEIbYCHHUS
MHUKPOCTPYKTYPHl M JAepOopMaluyd pEreTKA. Y CTAHOBJICHHBIC KOPPEISAIUU MEXAY YCIOBUSIMHU
TOPEHHUsl, CTPYKTYPHbIMH NapamMeTpaMH M HW3MEHEHUSIMU MarHUTHBIX CBOWMCTB IOKAa3bIBAIOT, YTO
KOHTPOJIMPYEMOE M3MEHEHHUE COOTHOIICHHS TOILIUBA SBISAETCS d(PPEKTUBHBIM HMHCTPYMEHTOM JIJIst
aJanTaliyd HAHOMOPOIIKOB ITMHK-MapraHieBoro Qeppura s NpPUMEHEHUS B KauyecTBE
MarHUTOMSITKUX MaTePUaJIOB C HU3KUMU TTOTEPSMH.

KiroueBble ¢JI0Ba: IMHK-MapraHIeBblid GeppuT, pacTBOPHOE TOPEHUE, OKUCIUTEIBHO-
BOCCTaHOBUTEJIHHOE COOTHOIICHHE, KPUCTAIUIMYECKAs CTPYKTYPa, MUKPOCTPYKTYpa, MAarHUTHBIE
CBOMCTBA, MArHUTOMSITKHAE MaTEePUAIbI

HUccaenoBanue pu3NKO-MeXaHUYECKHUX CBOMCTB U PAAUANMOHHOM CTOMKOCTH
MATHUUA-UHAMEBOT0 peppuTa, CAHHTE3UPOBAHHOI'0 MOJUMEP-HUTPATHBIM

CIIOCO00M

Konnparsesa O.H., Cmuproa M.H., Hukudoposa' I'.E., Aupsiaues A.Jl., Ipanuk M.C., Kenko
B.A.

B cratbe 00cyxnaroTcs 0COOEHHOCTH MOJIMMEP-HUTPATHOTO CHHTE3a BBICOKOJMCIIEPCHBIX YACTHI]
maruuii-unauesoro ¢epputa (MgFelnO4), ¥ mNpUBOAATCA pe3yNbTaThl 3KCIEPUMEHTAIBHOIO
uccienoBaHus (PU3MKO-MEXaHMUYECKUX CBOMCTB KEpaMHUKH, HM3TOTOBJIIEHHOM Ha ux ocHoBe. [lo
JTAHHBIM TIOPOIIKOBOM PEHTIC€HOBCKOW TU(PPAKLIUU YCTAaHOBJIEHO, YTO OJHO(DA3HBIN MOPOIIOK
(GeppuT-LINUHENIN MOXET OBITh MOJY4YeH TOJIBKO IYTEM BBICOKOTEMIIEpATYpHOU 00pabOTKH
pPEeHTreHoaMOp(HOro mpekypcopa, 0O0pa30BaBIIErOCs B pe3yJIbTaTe TEPMHUECKOTO Ppa3IOkKEeHUs
CMECH TIOJMBHHWIOBOIO CHOUPTA MW HUTPATOB MeTauloB. Kepammuka, H3roToBieHHas C
UCMOJIb30BaHUEM CyOMUKpoHHBIX yactull MgFelnOs, wumeer IUIOTHOCTB, ONMU3KYI0 K
TEOpPEeTHYECKON. 13 pe3ysbTaToB N3MEpEeHHsI MUKPOTBEPAOCTH IO METOAY BHKKepca yCTaHOBIEHO,
4YTO TOJY4YEHHBIH MaTepuas o0jazaeT BBICOKOW TBepaocThO. [lo JaHHBIM CHEKTPOCKOIMHUH
TG (Gy3HOr0 OTpaKeHHs ONPEEIICHO 3HAUYEHUE SHEPTUU IIUPUHBI 3anperieHHol 3061 MgFelnOs.
C  uCHONb30BaHMEM  KPUCTAUIOTpAapUUECKUX U DIEKTPOPU3UYECKUX  XapaKTEPUCTHK
CHHTE3MPOBAHHOIO MaTepuaja CIPOTHO3MPOBAHA €ro  yCTOMYMBOCTh K  paJuallMOHHO-
WHIYLIMPOBAHHBIM CTPYKTYPHBIM U3MEHECHUAM.

KaloueBble ciaoBa: cMemianHble  (epputbl; KyOuueckas  KpUCTAJUIMUECKas  pelIeTKa;
TOHKOJIMCIIEPCHBII TOPOILIOK; KEepaMUKa; MHUKPOTBEpIOCTb MO BUKKepCy; 3Heprus ILUPHUHBI
3alpelleHHOM 30HbI; paJlallMOHHAs CTOWKOCTh

Oo0paszoBanmne Li-Fe-cogep:xamero cjioucToro cuiankara tuna 2:1 ¢

MOHTMOPHJIVIOHUTONO00HOM CTPYKTYPO#l B THAPOTEPMAJIbHBIX YCIOBHAX
NsaxmaeBa A.A., Xpamnosa E.K., Jlebenes JI. A., I'me6oa H. B., Cemenos B. I'., KonsuioB A. B.,
Kpacwiun A. A.
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[TpoBenensl ruApoTepMabHBI CHHTE3 M (U3MKO-XUMHMYecKass Xxapakrtepusamus Li-Fe-
COJIEpIKAIIETO TUIPOCHIIMKATa CO CTPyKTypoi MouTMOpmmoruTa (MMT). Ha cerognsiimamii 1eHb
3TOT CJOWUCTBIM CUJIMKAT Tuna 2:1 mpuBiIeKkaeT BHMMAaHHWE TAaKMMM CBOWCTBAMH, KaK BbICOKas
WOHHAs TOJBUXHOCTb, THAPOPUIBHOCTb, 3JIEKTPUUYECKOE CONPOTHUBICHHE M TEPMOCTOMKOCTb.
bnaropapst atomy paznuusble 1o coctaBy MMT MOryT Cily>kKMTh EpCIEKTUBHBIMU KOMIIOHEHTaMU
JUTUH-UOHHBIX aKKyMyJsaTopoB. IIpomecc oOpa3oBanHusi U CTpyKTypHble ocobeHHocTH Li-Fe-
COZEpXKALIETO TUAPOCUINKATA CO CTPYKTYPOM MOHTMOPHJUIOHUTA HCCIEHOBAIKUCH C IIOMOIIBIO
peHTreHoBCcKoM audpakuuu, Y D-BuauMon u MéccOaydpOBCKON CIIEKTPOCKONHHU, a TAKXKE IPYTUMU
meTogamu. C TIOMOIIBI0 KOMIUIEKCA METOJOB YAAI0Ch YCTAHOBUTH KPUTHYECKOE cojepxkanne Fe’*
U TEMIEpaTypHbII AHamna3oH, He0OXoAUMbIe Al 00pa3oBaHus MpakTudecku oaHodazHbix MMT.
Oxo1o 20% ot oOiero coaepxkanust Fe MokeT 3aHMMATh TETpa’ApuyecKyro no3umuio ciost MMT.
Tepmuueckoe noseaenue Li-Fe-MMT cunbHO 3aBUCHT OT yCIIOBUI THAPOTEPMaIbHOIO CUHTE3a U3-
3a pa3NUYHOr0 KOIM4YecTBa Li', MPUCYTCTBYIONIETO B MEXCIOEBOM IMPOCTPAHCTBE, & TAKKe B
BAKAHCHUSX OKTa3ApUYECKOI0O MOACIIOS.

KioueBble ¢JI0Ba: CIOUCTHIE CUIIMKATHI, THAPOTEPMAIIbHBINA CHHTE3, H30MOP(HHU3M, pEHTTEHOBCKAs
mudpakius, MéccOaydpOBCKasi CIIEKTPOCKOIHS

CuHTe3, CTPYKTYPA U CBOMCTBA KOMIIO3UTHBIX IPOTOHIPOBOAAIIUX MeMOpaH
Ha OCHOBe nepdropupoBanHoro conojumepa tuna Hapuon ¢ HanouyacTunamu
Zrl-xYxOZ-O.Sx

byrpos A.H.,, I'y6anoga I'".H., IIpumauenko O.H., 'opman 1.B., UBankosa E.M., [Tonosa E.H.,
Kupunenko JI.A., JlaBpentseB B.K., Binacosa E.H., Kononosa C.B.

Hanouactunpl Zr;<YxOs.05« ObUTH BBEACHBI B CYIb(POKUCIOTHYIO (hopMy mephTOpUpPOBAHHOTO
cononumepa Haduon tuma mnepen dopmupoBaHueM MeMOpaHbl JUId  YIOy4YIIEHHsS €€
BOJIOYAECPKUBAIOLIEH CIIOCOOHOCTH, TEPMHUYECKOW CTAaOMJIBHOCTH M MPOTOHHOM NPOBOAMMOCTH.
[Tockonbky ycnoBus (HOpMUPOBaHHMS HAHOYACTHI[ MOTYT CYIIECTBEHHO BJIHMATH Ha HMX pa3Mep,
¢a30BbIil cocTaB, MOP(OJIOTHI0O M XUMHUIO MOBEPXHOCTH, B paboTe ObUIM PACCMOTPEHBbI Pa3HbIe
MOJIXO/IbI TI0 CHHTE3y HAIOJNHUTENS. BBUIO YCTaHOBJIEHO, YTO CpeAr MOKPOXHMHYECKHUX METOJIOB,
KOTOpBIC MPUMEHSUIUCH JUIS TOMYYeHHMs] HAHOYACTHUI[ HA OCHOBE AMOKCHJA IUPKOHHUA, Hambojee
MEPCIICKTUBHBIM C TOYKH 3pPEHUS TOBBINICHUS TIOBEPXHOCTHOW MPOTOHHOW MPOBOAMMOCTH
KOMIIO3UTHBIX MEMOpaH SBIISETCS CONBBOTEpMalbHBIA CcUHTE3. JlaHHBIM MeTon obecrednBaeT
MaJIblii  pa3Mep, OONBIIYI0O yIENbHYIO IUIOMIAJh TOBEPXHOCTH UM  BBICOKYIO  CTEIECHb
rUIpOoUIFHOCTH HAHOYACTHUII, BCIEACTBHE YErO MX BBEACHHE B MEPPTOPHUPOBAHHBINA COMOIUMED
Hajpumon tuma moBeImIaeT BiIaroyaepkaHue MeEMOpaHbl M CIOCOOCTBYET YIIYUIICHHIO e€e
HNPOTOHMIPOBOAIIMX CBOUCTB. B ciaydae HaHouacTHIl Zr Y xOz.05« CPOPMUPOBAHHBIX B YCIOBHUIX
PacTBOPHOTO TOpeHMs, ux Oojee TUIpoPoOHass MOBEPXHOCTh HE CIIOCOOCTBOBAIA TOBBIIICHUIO
COJIepKaHus BIIaTd B MepPTOPUPOBAHHOM COMOTUMEPE, HO MO3BOJINMIIA TTOBBHICUTH €70 MAaKCHMAIILHO
BO3MOXKHYIO pabouyro Temneparypy Ha 20°C.

KiroueBnle cJI0Ba: IIPOTOHHAs IIPOBOJIUMOCTb, MMIIEITAaHCHAs CIEKTPOCKOIUS,
CTaOWJIN3UPOBAHHBI WTTPUEM JUOKCUI UUPKOHMS, TJIMLHMH-HUTPATHOE TOpPEHHE, 30JIb-Tellb,
TUAPOTEPMAIIBHBIN CUHTE3, COIbBOTEPMAJIBHBINA METO/

Cunre3  ¢orokaraaumzaropo M/TiO/C (M=Ni, Cu, Ni-Cu) naasa
BoccTaHOBJeHUsT CO: ¢ MOMOIIBI0O MUKPOBOJHOBOIO M3JIYYCHHUS: CTPYKTypPHAasi

3BOJIONUSA U POTOKATAIUTHYECKUE CBOMCTBA
Kamanckuit B.C., CyxoB A.B., XKypenok A.B., Mumenko /[.J1., CopruueBa O.C., Koznosa E.A,
Cunsimme O.T., SxBapos J.I'.
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MeTo10M MHUKPOBOJIHOBOI'O CHHTE3a MOJIY4YeHbl KOMIO3UTHI Ha ocHOBE Ti0,, MOIUGUIIMPOBAHHBIE
HaHovacThIlaMu mnepexoaHbix MeTtaioB (Ni, Cu). CTpykTypa TOJYyYEHHBIX MaTepUaioB
OXapaKTepHU30BaHa C TIOMOIIbI PEHTI€HOBCKON MOPOLIKOBON JU(PPAKLUK, a pa3Mep KPUCTAJUIUTOB
oneHeH 10 ypaBHeHuto Ileppepa. @orokaTaiuTuyeckass aKTUBHOCTb CHHTE3HMPOBAHHBIX
KOMIIO3UTOB HccliefioBaHa B peakiuu BocctanoBieHust CO, 1o CO u CH4 nipu 00i1yueHHH CBETOM C
muHOU BostHBI 400 HM. Tlokazano, yTo MUKpOBOJIHOBas 0OpaboTka cmecu TiO, ¢ rpadurom (C,) u
COJISIMM TEPEXOJHBIX METAJUIOB MPUBOAUT K CHWKEHHMIO (POTOKATAIUTUYECKOM aKTUBHOCTH. B TO
Ke Bpems MexaHuueckas cmech 110, um Tpadura, HE MOABEpPraBUIAsICI MHKPOBOJIHOBOMY
BO3/ICHUCTBUIO, NPOSBISAET 0oJjiee BBICOKYIO AKTUBHOCTbH 110 CPABHEHUIO ¢ HEMOAU(DUIIMPOBAHHBIM
TiO, Evonik P25. CHmwkeHre akTUBHOCTH y 00pa0OTaHHBIX 00pa3IoB 00YCIOBICHO HEOOpATHMBIM
¢da3oBbIM nepexoaoM (HOTOaKTUBHOM (ha3bl aHAaTa3a B KaTAJIUTHUECKH MHEPTHYIO (a3y pyTuia, a
takke oopazoBanueM ¢a3 TiO,. [IpuanHON SBISIETCS TIEpPErpeB B X0Je CHHTE3a, MpU KoTopoM C,
BBICTYNAET B POJIM 3PPEKTUBHOTO MOTIOTUTEIS] MUKPOBOJIHOBOIO M3JIyY€HHs] U BOCCTAHOBUTEIS
katronoB Ti*" B ctpykrype TiO,. [TonyueHHbIe pe3yabTaThl BAKHBI I pa3paboTKu 3 PEKTUBHBIX
¢dorokaranuzatopoB Ha ocHOBe T10, A BocctaHoBieHus: COs.

KualoueBble cjioBa: [HMOKCHZ TuTaHa, (OTOKATaiM3, HAHOUYACTHUIBl TEPEXOTHBIX METaJIOB,
BOCCTAHOBJICHHE TUOKCHJIA yTIepO/ia, PSHTTCHOBCKAsl TUMPaKIHs, 3eTEHAS XM

B3anMocBsI3b MesKay COCTaBOM NPONMTOYHOIO0 PAcTBOPa M paclpeesieHHeM
AKTHBHBIX KOMIIOHEHTOB KaTaau3atopoB NiMo/ZSM-23 njas rugpoodpadoTku

PACTUTECIbHBIX JIMIIX/I0B
Kosanesckas K.C., Kykymkun P.I'., 3aukuna O.0O., bynaBuenko O.A., SIkosnes B.A.

XapakTep B3aUMOJICHCTBUS MEXIy METalJIaMH M HOCUTEJIEM KaTallnu3aTropa SBIISETCS PelIaloliuM
(bakTopoM, OINPEAEITSIONUM JTUCTIEPCHOE COCTOSIHME (pa3 aKTHBHBIX KOMIIOHEHTOB. B 3TOM
WCCJICIOBAaHUM ObllIa TIONyYeHa cepus KaTanu3aTopoB NiMo/ZSM-23 myTeM MpONHWTKH IO
BJIArOEMKOCTH JUISI THAPOOOPAOOTKH PACTHTENBHBIX JIMMUAOB. Karamu3aTopsl OBLIM MONTYYCHBI C
UCIIONIb30BAaHUEM DPAa3IMYHOM TMOCIEI0BATENbHOCTH HAHECEHHs] METAJUIOB M C HUCIOJIb30BAaHUEM
pa3IMYHBIX KOMIUIeKcooOpa3oBaTeneid. KaTannzaropsl ObUIM MCCIIEIOBAHBI HECKOTBKUMHU (DU3HKO-
xumudeckumu  Metogamu  (TTIB, Y®-Bun cnekrpockonus, P®A, TII/I-NH;, PamanoBckas
cnekrpockornusi, [I9M BP). Beuto oOHapykeHO, 49TO 3apsj TOBEPXHOCTH Ieonuta ZSM-23
(TTOMOXKUTENBHBIN/OTPULIATENbHBIN) U TUIl HOHOB METAIIJIOB B PACTBOpE JJIsi MPOMUTKU BIHSIOT Ha
oOpa3oBanue (a3 Ha TMOBEPXHOCTH HOCUTEINsA. MICmoib30BaHWE aMMHAUYHBIX MPOMUTHIBAOIINX
pacTBOPOB MPUBOAUT K oOpazoBanuto (a3 NiO, a-NiMoO, u B-NiMoO4.B ciyyae ucrnonb3oBanus
BOJIHBIX U ITUTPATHBIX MPOMUTHIBAIOIINX PACTBOPOB HaOMIOMaeTCs TONbKO obpa3oBanue a3z NiO u
B-NiMoOs.

KiioueBble cioBa: Hukenb, MommbeH, ZSM-23, nmponutodnsie pacTBopbl, TH3.

DJIeKTPOKATAIN3AaTOPbI HA ocHOBe MXene nis1 3¢ deKTUBHOIO pacuierieHust
BOAbI

JlxaBnonbek Mamanasupos, [llaBkatr MamartkynoB, Maxdysa JlxymaeBa, Xakumkan byTaHos,
Boanb Xo, [3uncsn Jloy, Onunxymxka [lapnues, Onum Py3umypanos

B sToM mccnenoBannn Mbl MOAMGHUIIMPOBAIH JJIEKTPOIBl Ha ocHOBEe Ni ¢ momormisio MXene u
KOMIIO3UTHBIX KaTaJln3aToOpoB HAa ocHOBe MXene /s pacuieruieHus Boasl. KaTanuzaTtop Ha OCHOBE
MXene npoIeMOHCTPHPOBAJ IPEBOCXOAHYIO AJIEKTPOXUMHUYECKYTO TIoma s moBepxHoctu (ECSA)
1840 cm?, 4yTO MOAYEPKHUBAET €ro OOMJIME AKTUBHBIX LEHTPOB. s JambHEMIero MOBBIICHUS
KaTaJIuTH4YeCKor akTuBHOCTH MXene Obu1 MoaudunmpoBan okcuaom rpadena (GO) u caxeit (CB),
YTO 3HAYMUTENIbHO CHU3WIO nepeHanpsbkenue ¢ 300 MB 1o 196 MB npu 10 MA cM™ u ynydmmno



933

Paper abstracts in Russian

KUHETHKY peakiiH, O 4YeM CBHUIETEIbCTBYET HU3KUN HakioH Tadens 96,35 mB dec™. bonee Toro,
koMno3uT MXene—GO—-CB npoaeMoHCTpUPOBa BBIIAOLIYIOCS JOJITOBPEMEHHYIO JOJTOBEYHOCTb,
coxpauss ctabuibHyto padoty B TeueHue 50 4 mpu 100 MA cM 2 ¢ yBeTMUEHHEM NEepeHanpsKEeHUs
Bcero Ha 34 MB mpu 10 MA cmM2 DOTH pe3ynbTaThl HOATBEP)KIAIOT, YTO CHUHEPreTHUECKOe
couetanne MXene ¢ GO u CB paer BBICOKOAKTHBHBIM M JOJTOBEYHBIN 3IJIEKTPOKATAIN3ATOP,
oOrnanaromui 60IbIIMM NOTEHIUAIOM JJIS IPAKTHYECKOTO IPUMEHEHUS B 3JIEKTPOJIU3€E BOJBI.

KioueBnble cioBa: komno3utsl Ha ocHoBe MXene, HER, OER, snextpokarann3aropsl.

®opmupoBanue Hanouactunn NH4MgF3 u MgF2 u3 ruapokcukap0OoHarta

MarHus B pacmjase rupodpropuia aMMOHUA
Jlyrununa A.A., AnexcannpoB A.A., Sceipkuna J[.C., Epmakosa 10.A.,
Tanepo B.B., Ky3nenos C.B.

dTopmeTamiaTel aMMOHMSI co cTpykTypoil nepoBckuta NHsMF; (M = 3d meTanibl) uCnob3yoTes
B KauecTBE KaroaHbIX MarepuanoB, a NHsMgF; — B kauyecTtBe TBEpABIX DJIEKTPOJIUTOB. B
JUTEpaType MMEEeTCs JHIIb (parMeHTapHas uHpopMmanus o noixydeHunn nopomka NH;MgF; u
OTCYTCTBYIOT JIaHHBIE€ PEHTTeHOBCKON audpakuuu. [IpennoskeHsl yCIOBUSA, MO3BOJISIOIINE
cUHTe3upoBaTh onHo(daszubii mopomok NH;MgF; myrem B3ammopeicTBusi rumpokcukapOoHarta
MarHus ¢ paciiaBoM ruapodropuna ammonus npu temneparype 220 C. bbuio ycTaHOBIEHO, YTO
IPOIIECC SIBJISICTCS BYXATAITHBIM: TIEPBasi PeaKius MPeACTaBIsieT co00i 00pa3oBaHne COCTMHEHHUS
(NH4).MgF,, a BTopas peaxius mnpenacraBiseT coboil pasnoxenue (NH,),.MgF, npu Temnepatype
220 °C no NHsMgFs. Ilpu paznoxenun NH:MgF; oGpasyrorcst 6e3BoiHbIe HaHOUacTULbl MgF, (28
+ 7 um). [Ipeanaraemsrii cnoco6 nonydyenus ogHodasnoro NHsMgF; oTkpbiBaeT BOZBMOXKHOCTH ISt
U3y4YeHHsI ero (PYHKIMOHAIBHBIX CBOWCTB.

KawueBble cjoBa: (ropomeraniar aMMOHUS, CTPYKTypa KyOMYEecKOro NEpOBCKHTA, (propun
MarHusi, HaHopa3mepHsie moportku, NH4MgF3, ruapodropua ammoHus.

DopMHUpOBaHUE JIA3€PHO-UHAYHHUPOBAHHBIX IEPUOAHUYECKHX MOBEPXHOCTHBIX
CTPYKTYP HA IUICHKe ASsoSeso MPpH GeMTOCEKYHIAHOM JIa3¢PHOM 00JIyUYEHHH C

nauHamMu BoJH 400-800 am
[Taxonpuyk I[LI1., Hlyneiixo [.B., bap6amos B.A., 3a6otaoB C.B., Ko3toxun C.A., Kamkapos I1.K.

JlazepHO-MHIYIIUPOBAaHHBIE  NEPUOJUYECKHE  IOBEPXHOCTHbIE  cTpykTrypbl  (JIMIIIIC) Ha
XaJIbKOTEHUIHBIX CTEKJI000pa3HbIX MOJYNPOBOJHUKAX MPEACTABISAIOT OOJBIION HHTEpPEC IS
CO3MaHUS  TOJSIPU3ANMOHHO-IYYBCTBUTEIBHBIX ONTHYECKUX JJIEMEHTOB. B  maHHOW pabote
uccaenyercs (opmupoBanue JIUMIIIIC ©Ha mnoBepxHOCTH amopdHOW TIEHKH  ASsoSeso,
W3TOTOBJICHHON METOJIOM TEPMHUYECKOTO BAKYYMHOT'O OCAKICHHUS, MPU (PEMTOCEKYHIHOM JTa3ePHOM
obmydyennn B auanazoHe MiuH BOH oT 400 mo 800 M. Ilepmoapl paszmuunbix Tumos JIUIIIIC
JIMHEWHO 3aBUCAT OT JJIMHBI BOJIHBI Jiazepa. V3MepeHHOe ABOMHOE JIy4ENpEeIOMIIEHUE TakK
HA3bIBAEMBIX HU3KOYACTOTHBIX mpocTpancTBeHHbIX JIUIIIIC, dopMupyeMbIx pazmTudHBIMU
JUIMHAMU ~ BOJIH ~ M3JIy4€HHUs, Haxoautcs B  aAuanazoHe 10-85 HM. MakcumanbsHoe
JBYJIy4eTIpeIoMIIeHHEe, paBHOE 85 HM, OBLJIO MOIYYEHO Ui CTPYKTYpP, OOJYUYEHHBIX NMPHU AJIUHE
BOJIHBI 480 HM. 3HAUMTENHHOE CHIDKEHHUE IBYIYUYEIPEIIOMIICHUS HAOJIIOAAIOCh HA JJIMHE BOJIHBI
800 HM, uYro MOXeT OBIThb CBs3aHO ¢ (OPMUPOBAHHEM MEHEe BBIPAXKEHHOTO U Ooiee
HEYTOPSI0UEHHOTO penibeda MOBEPXHOCTH, BBI3BAHHOTO MeHee 3((EKTUBHBIM IMOTIIOMIEHUEM
MOJIU(ULIMPYIONIETO JIa3epHOTO HW3IyYeHUs C IHeprueil (OTOHOB HUKE UIMPUHBI ONTHYECKOM
3amnpenieHHoN 30HbI AssoSesp. CHUKEHUE ONTHYECKOTO TMOTJIOLIEHHUs, HAOII0JaeMoe B TUICHKAX
AssoSesy ¢ JIMTITIC, BpI3BaHO MOBBIIIEHHBIM PacCEsTHUEM CBETa Ha pelibed)e TOBEPXHOCTH.
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KiaroueBble ci0Ba: JIQ3€PHO-UHAYIIUPOBAHHBIE TNEPUOJUUYECKHUE TMOBEPXHOCTHBIE
CTPYKTYDBHI, AssoSeso aMmopQHbIe TUICHKH, JIa3€PHO-UHAYLIUPOBAHHOE
JBYJTy4ETPEIOMIIEHNE, ONTUYECKUI peTapIaHC

MuKpPOBOJHOBOI CHHTE3 YIJIEPOAHBIX TOYEK C BHICOKOM (uryopecueHuuen
Hacupos I1.J1., HoBukoa C.A., I'pu6osa E./I., 'mageimes I1.I1., Myxuna 1.B.

C MOMEHTa CBOEro OTKpPBITHS YIJIEPOJHBbIE TOYKHM IPEJICTABIAIOT OOJIBLION HAay4HBIM HHTEpec
Onmaromaps CBOMM  YHHKQJbHBIM  CBOMCTBAM, BKJIIOYash CWIBHYIO  (PIyopecueHuuio |
OMOCOBMECTUMOCTb, KOTOpBIE ONPEACISAIOT HMX MOTEHIHAIbHOE NPHUMEHEHHE B OHOCEHCOpHKE,
OuMOBHM3yaJM3alMy, JIOCTaBKE JIEKAPCTB W MHOTHX Jpyrux obnactax. B gaHHO#M cratbe
IIPEJICTaBJICHBl HOBBIE MOAXOAbI K CHHTE3y YIVIEPOJHBIX TOYEK C BBICOKOM JIFOMHHECLEHTHIMEH,
pa3paboTaHHble B TpOIECCe IMOKMCKAa pElIeHUS NpoOJIeMbl NMPUMEHEHHs YIJIEPOJHBIX TOYEK B
UMMYHOXpOMAaTOrpauyeckoM aHajause.

KiroueBble cjoBa: YIJIICPOAHBIC TOYKH, HAHOYACTUIIbI, UMMYHOAHAJINU3.

IIpocToii cunTe3 M UccaenoBanne HaHoYacTHI ciuiaBa FeCoNiPt ¢ pa3in4HbiM

coaep:kanuem Pt 1J141 dj1ekTpokaTanusa
AnekceeBa O.B., Kapsruna O.K., Kosnos C.C., Ky3ueuos JI.W., Jlapuna JI.JI., Hukonsckas A.b.,
[lleBaneenckuit O.1.

B aroit pabote npencranie npoctoii cunre3 Hanodactull (NPs) crimaBa FeCoNiPt ¢ perynupyembim
conepxanueM 1atubl (10-30 at.%). NPs Obun mosyueHsl MOTO/10a TBEpAO(A3HON peakluu, C
HCIIOJIb30BaHUEM alleTUJIAETOHATHBIX ~ METAJUIMYECKUX  MPEKypPCOPOB. CtpyKTypHBIE
xuccnenoBanuss (TEM, HRTEM, STEM-EDS u XRD) mnoka3piBaior, yTo moxy4deHHble NPs
FeCoNiPt umeroT ogHOPOAHYI0 MOP(OTIOTHIO CO CPETHUM TUAMETPOM 3—7 HM M KPUCTAUIU3YIOTCS
B 0JJHO()a3HOM I'paHELIEHTPUPOBAHHOM KYyOHMYECKOM TBEPJIOM PAaCTBOpE. YBEIMYEHHUE COAEPIKAHUS
Pt mpuBOAUT K yBENWYEHHIO MapamMeTpa PElIeTKH U YBEJIWYECHHUIO pa3Mepa KpPUCTAJUIMTOB, UYTO
coryacyercsi ¢ OonbpIIMM aTOMHbIM paguycoM Pt. OnementHsle nanHbele STEM-EDS
MOATBEpXKIal0T omHoponHoe BiiaoueHne Fe, Co, Ni m Pt B oTmenpHble HaHOYACTHIIHL,
JIEMOHCTPHUPYsI (OpMHUpPOBaHHE MHOTOKOMIIOHEHTHOIO cruiaBa. /laHHOe MccieoBaHUE MOKa3allo,
YTO pEeryjJupoBaHue cojep:kaHusi Pt B MHorokommnoHeHTHbIX cruiaBax FeCoNiPt mnosBosser
MOJYJIHPOBATh 3JEKTPOHHYIO CTPYKTYpy d-30HBL [IpemnoKeHHBIH MOAXOJ]] CHUHTE3a SBIISASETCS
SKOHOMHUYECKH dS()PEKTUBHBIM M MacHITAOUPYEMbIM, OTKpBIBas MEPCHEKTHUBHBIA IMyTh JUIS
pa3pabOTKU ONTUMHU3UPOBAHHBIX 110 CO/IEPKAaHUIO Pt aekTpokaTanu3aTopos.

KiioueBble c¢jI0Ba: HAHOYACTHIIBI, MHOTOKOMIIOHCHTHBIC cCIuiaBbl, [IOMB, amexTpossi,
AJIEKTPOKATAIIN3.
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